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A COMPREHENSIVE IN VITRO AND IN VIVO FAILURE ANALYSIS OF 

 TITANIUM DENTAL IMPLANT SYSTEMS 

Sathyanarayanan Sridhar, PhD 
The University of Texas at Dallas, 2018 

ABSTRACT 

Supervising Professor:  Dr. Danieli C. Rodrigues 

This dissertation provides a novel approach to understand failure modes and evaluate the surface 

performance of commercially pure (cp) titanium (Ti) dental implants (DI). It is based on the 

hypothesis that multiple oral factors can damage the titanium oxide (TiO2) layer leading to peri-

implant dissolution of metal ions. This study is comprised of three aims to understand the effect 

of (i) surgical insertion in different bone qualities; (ii) bacteria colonization; (iii) occlusal forces 

on the surface of DI. In the aim 1, DI were inserted following surgical procedure in simulated bone 

materials of different densities to check the possibility of surface exfoliation and corrosion 

behavior. Powder x-ray diffraction (XRD) of ground specimen from the insertion site was 

performed to detect particle release. ASTM standard electrochemical corrosion tests were 

performed to evaluate the corrosion behavior of DI post-insertion.  In the aim 2, surface analyses 

of in vivo failed retrievals were performed. DI were immersed in in vitro polyculture of early 

colonizers (Stretptococcus mutans, S. salivarius, S. sanguinis), and late colonizers 

(Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis) for 30 days. In the aim 3, 

cyclic occlusal forces were employed on DI immersed in (i) phosphate buffered saline (PBS) and 



 

ix 

in (ii) bacterial polyculture. Optical microscope, x-ray photoelectron spectroscopy (XPS), and 

electrochemical corrosion tests were performed to evaluate the surface-morphology, chemistry, 

and potential of (i) failed explanted retrievals, and (ii) DI obtained post-in vitro tests. Powder XRD 

results post-insertion test confirmed that particles were not released due to the insertion procedure 

irrespective of bone density. Electrochemical corrosion results post-insertion further corroborated 

that the surface integrity was not compromised due to insertion irrespective of bone quality. In 

vivo retrieval analyses suggested that both early- and late-colonizers degraded the surface- 

morphology (discoloration, pitting, scratches, and fractures) and chemistry (thinning/depletion of 

TiO2 layer with respect to the control). However, in vitro bacteria immersion tests showed that 

late- colonizers inflicted more damage to the surface chemistry compared to the early colonizers. 

Electrochemical corrosion results also indicated higher corrosion rate (not statistically significant) 

for DI immersed in late colonizers compared to early colonizers and their respective controls. The 

surface degradation due to bacteria adhesion was aggravated in the presence of mechanical forces. 

XPS analysis illustrated depleted TiO2 layer for DI exposed to cyclic loading in circulating broth 

containing bacteria compared to DI subjected to fatigue test in PBS. The overall findings of this 

study indicated that bacteria could degrade the surface which would be exacerbated by mechanical 

loading. This dissertation highlights the need to focus on the material surface, as particle release   

into the peri-implant tissue might trigger osteolysis and affect biological integration.  
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CHAPTER 1 

SUMMARY 
 
                                                                                       

Root form endosseous-implant supported prosthetic restoration has become a predictable 

treatment for tooth loss due to infection (or) trauma over the last three decades.1 These implants 

are inserted inside surgically drilled holes (“osteotomy”) in the maxilla (or) mandible.1 The clinical 

success and performance of this device is mainly dependent on the ability of the biomaterial to 

integrate with hard and soft tissues.2,3 The ability of the bone tissues to attach and grow around the 

implant is termed as osseointegration.4 This biological interlocking provides stability to the 

implant making it capable to bear functional loading (or) occlusal loading (or) mastication when 

restored with a crown.5 A proven survival rate of 90-95% has increased its popularity over the 

years.6 In addition to the successful performance of this medical device, the number of patients 

requiring a dental replacement has been steadily growing.7 In the USA, it has been estimated that 

more than 36 million people are completely edentulous (total tooth loss), and around 120 million 

have lost at least one tooth.8 This high demand has catapulted the dental implants and prosthetic 

industry to a rich billion dollar market, which had been estimated to reach $ 6.4 billion by the end 

of 2018.8  

Meanwhile, it should also be mentioned that 69% of the population, between the ages of 

35-44 years, has lost at least one tooth.7 Thus, the requirement for this device to survive for longer 

period of time in vivo. Until, now commercially pure (cp) titanium (Ti) has been the gold standard 

material for dental implants.9 The past decade has also seen zirconia (ZrO2) considered as an 

alternative material for cp Ti.10,11 However, the lack of long-term results for ZrO2 dental implants 

has prevented it from becoming a successful competitor for Ti based dental implants. Currently, 
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many leading companies such as Strauman, Nobel biocare, Zimmer-Biomet, and Dentsply Sirona 

have been predominantly manufacturing cp Ti dental implants.12–15 This material is mainly chosen 

because of its proven biocompatibility, good mechanical properties, and excellent corrosion 

resistance.16 It is well known that Ti base metal is protected by a nano-thick titanium oxide (TiO2) 

layer, which is formed when it is exposed to atmospheric air (or) water.16 

The surface TiO2 layer provides a barrier for reactive base Ti metal from corrosion, which 

makes the material bioinert, and thereby making it biocompatible.16 In addition, this oxide layer 

also encourages the attachment of calcium (Ca2+) and phosphate (PO4-) ions, and facilitates 

osseointegration.17,18 Several surface modification techniques have been researched and 

commercialized to leverage the surface morphology, and surface chemistry, which in turn has been 

reported to reduce the healing period resulting in rapid osseointegration.19,20 Recently, surface 

modifications have been performed to impart anti-bacterial, and corrosion resistance 

functionalities to the implant material.21–23 This change in trend could be attributed to the rising 

complications arising due to bacteria and bacterial biofilm. The biological environment in which 

a dental implant is placed is nothing but the oral cavity, which hosts more than 600 different species 

of bacteria.24  

The adhesion (or) attachment of bacteria to the surface of the implants has been suggested 

to hinder the initial healing process, and the ensuing osseointegration.25 The microbial biofilm 

triggered host response leading to peri-implant bone loss, and destruction of established 

osseointegration has also been a major factor causing implant failure. Thus, it can be clearly stated 

that bacteria has been the major triggering factor for both early- (before osseointegration), and 

late- (after osseointegration) stage failure of dental implants.2,18 Even a low failure rate reported in 
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literature could have a high impact because of the high number of implants that are being placed, 

and the increasing popularity of this device. There are individual, and synergistic effect of multiple 

factors that are mentioned to trigger failure.26–30 However, there is no single mechanism which has 

been stated as a main route for failure. This clearly shows that every single factor which could 

potentially lead to failure should be carefully investigated, and understood. Corrosion is one such 

factor, which remains to be explored in the field of implant dentistry.31  

Corrosion of metallic biomaterials has been a critical topic in orthopedic devices research.32 

The release of metallic debris to the peri-prosthetic tissues has been known to trigger inflammatory 

response leading to bone loss, eventually causing aseptic loosening of the device.33 The 

combination of corrosion and mechanical wear was explained to result in an accelerated 

degradation of the materials through detailed mechanisms such as tribocorrosion and fretting-

crevice corrosion.32 In particular, numerous metal-on-metal (MOM) hip implants have been 

recalled by regulatory agencies in USA and UK because of a phenomenon known as  metallosis, 

which is induced by the dissemination of metallic particles in surrounding tissues.16 However, in 

the case of hip replacements, there are a few reasons why this device is more susceptible to wear 

and corrosion in comparison to dental implants: (i) the magnitude of forces applied is high; (ii) the 

presence of bearing (or) articulation region, which is under constant large scale motions; (iii) larger 

implant sizes compared to dental implants because of the size of the respective bone structures for 

which they are substituted; (v) the prominence of well-defined modular parts. 

Although, in comparison to orthopedic joint devices, dental implants encounter a very 

complex biological environment.34 The oral cavity is known for fluctuating pH and temperature, 

presence of wide variety of bacteria species, enzymes, saliva, ingested food and beverages, and 
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mastication.34 This compound electrochemistry along with the mechanical forces applied during 

chewing/mastication can provide harsh conditions to the surface of dental implants.35 These 

conditions can damage the oxide layer leading to exposure of the bulk and dissolution of metal 

ions.35 There are instances of accumulation of metallic debris in peri-implant tissues that have been 

recorded in the literature.36,37 Release of Ti particles has been suggested to affect the integration 

of soft- and hard- tissues with the implant material.38 Therefore, there is a necessity to explore the 

individual, and synergistic effects of multiple oral environment factors on the surface of dental 

implants. These factors are inherent of the oral environment which are associated with success or 

failure of the device.  

The maxillar/mandibular bone quality has been considered as one of the main factors 

modulating the early success of the implant.39,40 Bacteria and bacterial biofilm has been cited as 

the major reason for both early- and late- stage complications of dental implants.41 Occlusal 

overloading experienced by dental implants has been considered as one of the main triggering 

factors for late- stage failure.42 However, it is the host response triggered by these factors resulting 

in either lack of successful material-tissue integration or destruction of the peri-implant supporting 

bone that has been given major focus when it comes to failure of these devices.43,44 It should also 

be noted that surgical placement of dental implants involves application of torsional forces, which 

can cause abrasion of the surface against hard tissues.45 This insertion torque is highly influenced 

by the bone quality.40 Previous research have mentioned the possibility of release of Ti particles 

in in vivo and in vitro observations.46,47 In spite of these existing literature, the effect of different 

bone qualities on the surface of dental implants is still a less explored topic. Oral bacteria, 

aggressive periodontal pathogens have been highly mentioned as the primary etiological factor of 
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early- and late- stage failures.2,18 Again, very few studies have tried to understand the effect of 

contact/adhesion of bacteria on the surface of dental implants.48,49 It is well known that early 

colonizing oral streptococci can reduce pH to an acidic condition due to the release of lactic acid 

as a metabolic byproduct.50 An electrochemical corrosion study noted that S. mutans suspended in 

ringer solution as an electrolyte negatively impacted the corrosion resistance of the cp Ti surface.48 

Lipopolysaccharide (LPS), a metabolic endotoxin of periodontal pathogen has also been shown to 

deteriorate surface integrity.49 However, there still remains a question regarding the long-term 

effect of these bacterial strains on the surface of commercial dental implants. Excessive 

mechanical forces applied on endosseous implants have been reported to cause supporting bone 

micro-damage51, to trigger host response42, and to induce implant fracture52, which have all been 

reported to result in peri-implant bone loss. There are no studies which evaluated the effect of 

occlusal forces on the damage of TiO2.  

It is evident that there has been little to no studies that provide a comprehensive evaluation 

of multiple factors in the oral environment which a dental implants has to encounter during its 

functioning period, and their individual and synergistic effects on surface integrity. Previous 

studies from our group investigating the surface of failed implants retrieved from patients with 

peri-implantitis demonstrated the degree of surface damage due to acidic condition and mechanical 

factors.35 Subsequent research further revealed that while the early colonizing S. mutans was able 

to lower the pH and attack the surface, the late colonizing P. gingivalis was also able to negatively 

affect the surface with both leading to thinning of the oxide layer.50 These preliminary studies 

provided strong motivation to pursue this dissertation which aims to determine the effect of: (i) 

surgical insertion procedures, (ii) bacteria/bacterial biofilm colonization, and (iii) mechanical 
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occlusal forces on the surface of dental implants. In addition, early- and late- stage failed dental 

implants retrieved from patients were evaluated and determined if similar surface features/changes 

were witnessed in these retrievals. This served as validation of the in vitro observations obtained 

in this study and experimental methodology developed to replicate oral conditions.    

This dissertation titled “A Comprehensive In Vitro and In Vivo Failure Analysis of 

Titanium Dental Implant Systems” is composed of eight chapters. Chapter 1 provides a general 

summary and motivation behind this dissertation. A detailed approach discussing the history of 

dental replacement devices, their raise in popularity over the past thirty years, the failures, the 

approach toward determining the triggering factors, and finally the impact of this dissertation will 

be discussed in the Chapter 2. Chapter 3 will provide the goals and hypotheses with a strong 

rationale supporting each goal. The effect of surgical insertion procedure on the surface exfoliation 

of dental implants with respect to different densities of simulated bone materials will be explained 

in Chapter 4. The following Chapter 5 discusses about the electrochemical characterization of 

dental implants post- surgical insertion procedure. Chapter 6 details the effect bacterial 

colonization has on the surface of dental implants which will include results from in vitro bacteria 

immersion experiments and in vivo retrieval studies. The role of cyclic occlusal loading on the 

surface of dental implants, and development of a novel chamber to simulate the oral cavity 

containing bacteria polyculture and cyclic occlusal loading will be provided on Chapter 7. The 

synergistic effect of both mechanical forces and bacterial biofilm will be presented in Chapter 8. 

Finally, a conclusion based on the results acquired from this dissertation will be summarized, and 

a future work section stating the subsequent direction to this research will be given in Chapter 9 

and Chapter 10 respectively.  
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CHAPTER 2 

BACKGROUND 

2.1 Load bearing implants 

Load bearing implants are replacements for bone and joint structures which are exposed to 

biomechanical loads such as compression, tension, (or) torsion. These structures are usually found 

in shoulder, knee, hip, and wrist. Normal movement of an individual could be affected by a chronic 

disease (or) a trauma. Biomaterials have been designed and developed to replace these anatomical 

structures, and restore normal functioning in these patients. A large variety of materials which are 

classified into metals, ceramics, polymers, and composites are used in the design and development 

of these biomaterials. These materials are mainly selected for their capability to be: (i) conformed 

to a particular shape (or) geometry resembling the replacement structure, (ii) biocompatible, (iii) 

maintained in an intact structure without degradation, (iv) expected to promote conditions for 

healing, (v) functioning as a replacement for a load bearing anatomical part in the human body.  

 

2.2 Dental implants 

A dental implant is one such load bearing device which replaces a natural tooth that is lost 

due to disease (or) trauma.1 Employing an alternative material for a tooth dates back to 2500 BC 

when ancient Egyptians used ligature wire made of gold to stabilize teeth that were periodontally 

involved.53 Since then, several substitutes and support structures were used to rehabilitate teeth. 

They included a wide range of materials such as customized soldered gold bands from animals and 

oxen bones, teeth carved out of ivory, shells, stones, and even allo-transplantation of teeth 
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collected from under-privileged (or) cadavers.54 In 1930 Alvin and Moses Stock experimented 

with orthopedic screw fixtures made of Vitallium (Cobalt (Co) – Chromium (Cr) alloy).55 They 

were credited for choosing biocompatible metal to be used in dentition, which provided anchorage 

and support.55 In 1938, Adams patented cylindrical endosseous implant that was threaded both 

internally and externally and had a smooth gingival collar and healing cap.56 Formiggini, known 

as the father of modern implantology designed spiral stainless steel implants that allowed bone 

grow into the metal.55 Dahl, in 1940, was the first person to attempt a sub-periosteal implant.57 A 

major breakthrough in 1963 witnessed a modification of spiral implants to blade implant by 

Leonard Linkow who made it feasible for the implant to be inserted in either maxilla or mandible.58 

In 1978, Branemark established a standard for implantation based on his concept of 

osseointegration.4  

 

2.3 Types of dental implants 

Until then, there were four types of dental implants (Figure 2.1) namely: (1) Intramucosal; 

(2) Subperiosteal; (3) Transosteal; (4) Endosseous. Technically, a dental implant is a screw, which 

is inserted into the maxilla (or) mandible of the human jaw to support a prosthesis.59   

 

2.3.1 Intramucosal implants 

Edentulous patients who have resorbed ridges usually lack retention and stability in their 

dentures. The use of intramucosal inserts as an adjunct for denture retention has shown favorable 

results. In the early 1940s, when this concept was first introduced, cobalt chromium alloy was 
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used, followed by the use of titanium alloys. Zirconia has shown to be more biocompatible than 

titanium alloys with respect to reduced bacterial colonization and soft tissue compatibility. 

Zirconia is, therefore, a promising material for use as an intramucosal insert. The zirconium inserts 

have a highly polished surface that minimizes the formation and accumulation of biofilms.60 

 

2.3.2 Subperiosteal implants 

These are placed on top of the jaw with the metal framework's posts protruding through 

the gum to hold the prosthesis. These types of implants are used for patients who are unable to 

wear conventional dentures because of severely resorbed, toothless lower jaw bone, which does 

not offer enough bone height to accommodate root form implants as anchoring.61 

 

2.3.3 Transosteal implants 

The plate of the implant is firmly pressed against the bottom part of the chin bone and the 

long screw posts go through the chin bone. The two attachments that will protrude through the 

gums can be used to attach an over denture type prosthesis.62 

 

2.3.4 Endosteal implants 

It is that type of implant that has a component embedded in bone to act as a root with a 

superstructure to hold the crown. This is the most commonly used type of implant. The various 

types include screws, cylinders or blades surgically placed into the jawbone. Each implant holds 
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one or more prosthetic teeth. This type of implant is generally used as an alternative for patients 

with bridges or removable dentures. Endosteal implants are subdivided into several different types 

characterized by their geometry, shape, surface, function, and materials.59 

 

Figure 2.1. Different types of dental implants (A-D): (A) Transosteal implant; (B) Sub-periosteal 
implant; (C) Endosseous implant; (D) Intramucosal implant. (Modified from: 
https://www.slideshare.net/marcusharris086/types-of-dental-implant; http://dentalimplants.Uchc. 
edu/about/types.html). 
  
 

2.4 Components of dental implant 

Ever since the advent of Branemark’s standard for implantation, use of endosseous dental 

implants became highly prevalent. By 2002, the American dental association (ADA) survey 

showed dental implants as the most preferred method of tooth replacement.57 In structure, an 
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endosseous implant system (Figure 2.2) consists of three components: (i) the implant – which is 

screwed inside the bone, and structurally resembles root of a tooth, (ii) the prosthetic crown which 

is the replacement for crown of the tooth, and finally (iii) the abutment – which connects the 

implant and the crown together. It is well known that the crown is connected to the implant in two 

different modalities: (i) screw-retained connection and (ii) cement retained connection.63 Screw 

retained implant requires fastening of implant and prosthetic component together with a screw.63 

There are few commercial cement brands that are available to help augment the cement retained 

prosthetic connection.64,65  

 

Figure 2.2. Components of dental implant system. 

 

In addition to these implants and prosthetic components, dental implants system also 

comprise of healing abutments and closure screws.66 They are temporary structures connected to 

an implant immediately post-insertion, and will serve generally during the healing period.67 They 

are used to prevent biological infiltration into the implant, and also aid in gaining proper geometry 
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of peri-implant soft tissue which would facilitate smooth installation of prosthetic connection. Both 

healing abutments and closure caps are removed once the restorations are placed. These different 

parts that constitute a dental implant system necessitate employment of a variety of materials.  

 

2.5 Choice of materials 

The selection of materials is primarily dependent on the structure and function of the 

biological part that is being replaced. In case of dental implants, they are substitutes for teeth, 

which are essential for crushing and grinding food, better pronunciation while speaking, and 

general countenance with a proper teeth profile. Metals and ceramics are the primary choices for 

load bearing applications with 40 years of clinical experience.68 They remain as the preferred 

materials for designing implants, healing abutments, and prosthetic abutments.69 However, crown 

requires a combination of esthetic appearance and load bearing capabilities. This has led to the 

selection of porcelain, metal-fused porcelain, and more recently ceramics.70 Since, this study is 

entirely focused on the performance of endosseous dental implants, we will have a brief overview 

of metallic and ceramic options that are available in manufacturing the implant structure. 

 

2.5.1 Ceramics 

Dr. Sandhaus developed the first crystallized bone screw in 1967, composed mainly of 

Alumina (Al2O3).71 However, reports of clinical fractures have led to the downfall of this material 

despite excellent mechanical, wear resistant, and esthetic properties. With a better bending strength 

and fracture toughness than Alumina, Zirconia (ZrO2) was the ceramic proposed with modern 
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fabrication techniques.10 Initially, they were considered as an alternative for metallic abutments.72 

Clinical studies reported bluish appearance of metallic abutment in patients with thin gingival soft 

tissue biotype, suggested ZrO2 to improve the appearance in this esthetic zone.73 Recent research 

have further elucidated biocompatibility of zirconia with hard tissue integration and overall similar 

biological performance in comparison to the traditional titanium surface. ZrO2 dental implants are 

available in the market. However, limited clinical data has restricted the estimation of survival, 

and thus it is tough to conclude that ZrO2 is a competitive alternative for metallic dental implants 

at present.  

 

2.5.2 Metals 

Metals have been used extensively in the manufacturing of orthopedic and dental 

prosthetics because of the following reasons: (i) availability of raw materials, (ii) well documented 

techniques for shaping the raw to the required geometry, (iii) treatment methods available to 

manipulate the physical and chemical properties according to necessities, (iv) biocompatibility, 

(v) inherent mechanical, and degradation resistance characteristics.16 Stainless steel, cobalt-

chromium-molybdenum (CoCrMo) alloy, and titanium alloys are the predominant metal alloys, 

which possess the properties required to bear biomechanical stress, and remain bioinert without 

stimulating uneventful host response.16 From the history of the metamorphosis of dental implants 

design, it was evident that stainless steel, and CoCrMo alloy were involved in the fabrication of 

dental implants.53 However, after the establishment of Branemark’s concept of osseointegration 

for dental restoration, titanium which was extensively used in his experiments gained prevalence.57 

Today, commercially pure (Cp) titanium (Ti) has become the most widely used material in the 
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implant industry. In addition to the ability of successful tissue integration, Ti possessed the 

required mechanical properties, and excellent corrosion resistance. Most importantly, in 

comparison to stainless steel and CoCrMo, the Young’s modulus of cpTi is closer to that of the 

cortical bone in the maxilla (or) mandible.16 

 

2.6 The concept of osseointegration 

According to Branemark and Skalak, osseointegration is designed as a stable and 

apparently immobile support of a prosthesis under functional loads without pain, inflammation, 

(or) loosening.74 In other words, an implant is osseointegrated if there is no progressive relative 

motion between implant and surrounding living bone and marrow under functional levels and types 

of loading for the entire life of the patient74 (Figure 2.3).  

 

Figure 2.3. An illustration showing the insertion of dental implant followed by attachment of bone 
tissues which provides support and stability to experience mastication/occlusal loading. 
 

 

Currently, a two-stage surgical placement of dental implants is widely practiced. The first 

stage involves the placement of a dental implant in the socket prepared in the maxilla (or) 
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mandible. The preparation of a socket in the jaw bone, which is also known as an “osteotomy” 

requires a series of drills created by standardized surgical burrs. Subsequently, an implant is 

inserted (or) torqued inside the osteotomy. A healing abutment (or) a closure cap is connected 

post-insertion.67 The implant will remain submerged for a period, termed as “healing period” 

during which wound healing, and subsequent osseointegration is allowed to take place in an 

undisturbed environment. In general the healing period is 3 months and 6 months for maxilla and 

mandible, respectively.75 A successful osseointegration is followed up with removal of healing 

abutment (or) closure cap, and connection of prosthetic components. This prosthetic restoration 

constitutes the second stage of surgical placement.  

In general, introduction of biomaterials into a living tissue is known to trigger a series of 

host response. Host response consists of different phases such as tissue damage, homeostasis 

(blood clotting), granulation tissue formation, inflammatory phase, change in ionic concentration, 

neutrophil infiltration, phagocytic effect of monocytes and macrophages, angiogenesis, 

proliferative phase, repair and remodeling, formation of granular fibroblast/connective tissue, and 

finally scar formation.16 The temporal sequence of these events starting from the inflammatory 

phase is provided in Figure 2.4. Considerable studies have been performed to decrease the time 

of this healing phase especially the proliferative to remodeling phase. In other words, there is a 

constant motivation to reduce the healing period (or) to achieve rapid osseointegration.20  



 

16 

 

Figure 2.4. Temporal sequence of host response phases post- implantation16. 

 

2.7 Role of surface in osseointegration  

Recent research has been directed towards different surface modification techniques to 

achieve rapid osseointegration.76 There are several well established surface treatments such as sand 

blasting, acid etching, plasma spraying, and anodization.76 These techniques are directed to alter 

the surface chemistry and topography, which have been suggested to play a vital role in facilitating 

tissue interlocking with the implant material.77 In particular, surface modifications have been 

performed to achieve a particular surface roughness. An increase in surface area is considered to 

increase tissue adhesion to the implant.77 While a rough surface is expected to encourage 

attachment of hard tissue cells, a smooth surface is expected to provide favorable conditions for 

the adhesion and growth of soft tissues.78,79  Sometimes, surface modification is performed for the 

ease of recognition of components which are connected to the implant.67 A classic example is the 

use of anodization to color code healing abutments.67 A few of the commercial dental implants 
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manufacturing industries and the surface treatment employed by them are listed below in Table 

2.1.  

 

Table 2.1. Bulk metals and their surface treatments for commercially available dental implants. 

Manufacturer Material Surface Modification 

Straumann Cp Ti10, Ti/Zr alloys Sand blasted, Large grit, Acid etched (SLA) 
surface 

Zimmer - Biomet 3i Cp Ti, Tantalum11 Micro-textured (MTX) surface,                    
MTX treated and Hydroxyapatite coated 
surface 
Discrete crystal deposition (DCD) surface 

Nobel biocare Cp Ti12 Ti Unite surface, fabricated by anodic oxidation 

Dentsply Cp Ti13 Osseospeed surface. Grit blasted with TiO2 and 
acid etched. 

   

Titanium is a very reactive metal. However, when exposed to air (or) moisture, it 

spontaneously forms a titanium oxide (TiO2) layer on the surface (Figure 2.5), which passivates 

the metal, and subsequently reduces reactivity.17,80 The passive oxide layer imparts a distinctive 

resistance to corrosion making it biocompatible, and thus suitable for biomedical applications.17 

There are five structural and physical characteristics of this oxide layer.16 They are: (1) oxide films 

are very thin in the order of 5-70Å, and dependent on the potential across the interface as well as 

the solution variables such as pH, (2) they exhibit the characteristic of semiconductor with an 

atomic defect structure, which determines the ability for ionic and electronic transport across films, 

(3) ratio of oxide specific volume to metal alloy specific volume (i.e., Pilling Berdworth ratio) 

determine if oxide layer will adhere to metal (or) not. (4) oxide films possess needle (or) dome 
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shaped morphologies, which change with applied potential when immersed in oxalic and acetic 

acids, (5) mechanical factors such as fretting, micromotion (or) applied stresses may abrade (or) 

fracture oxide films.16   

 

Figure 2.5. Structure of oxide layer and double layer. 
 
 

2.8 Success and failure rate of dental implants  

This TiO2 layer facilitates osseointegration through the attachment of biominerals such as 

calcium and phosphate.9 The long-term clinical success of dental implants is highly dependent on 

the integration of the surface with hard and soft tissues.3,81 This biological interlocking provides 

mechanical stability and is considered the major reason for the success of these devices.1 In the 

US, 3 million people already have dental implants placed and around 500,000 patients receive 

implants every year.7 With a success rate of about 95%, these devices have a billion dollar market. 

In the past 30 years, the number of patients receiving dental implants has risen steadily worldwide 

to a level of approximately 1 million implantations per year.82  
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Dental implant failures are reported to range from 1.9%-11%.83 This is concerning because 

of the increasing trend in dental implant placement each year. A dental restoration with single 

implant-crown assembly is reported to cost around $3200 - $4400. Even a small failure rate of 2% 

can represent 60,000 implants, which will correspond to a financial loss of $192,000,000 - 

$264,000,000. It should be noted that this approximation is based on the assumption that each 

patient receives only a single implant. Hence, the financial impact of failures stated above is under-

estimated, as a patient may receive multiple implants. 

 

2.9 Types of dental implants failure and related factors 

Dental implant failure is classified into early and late stage failures.  

 

2.9.1 Early stage failures 

Early stage failures occur before attachment of prosthetic components mainly due to 

interference with healing process which will eventually result in failure to establish 

osseointegration.43,84 Early losses account for more than 50% of reported failures.85 Bacterial 

infection, surgical trauma, poor bone quality, inability to heal, and micromotion/lack of primary 

stability are considered as the major triggering factors.40 Manor et al. reported in a retrospective 

study that half of the patients exhibited early implant failures with the lack of osseointegration 

being the main etiological factor (73% of cases).85 Patients with higher plaque scores86 and 

implants associated with infections have been associated with higher early failure rates.87 Early 

stage failures have been mostly associated with colonization of Streptoccocus and Actinomyces 
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species, which are reported to affect soft tissue integration. Soft tissue provides biological sealing 

and prevents the infiltration of early colonizers.88,89 Early colonizers initiate the formation of 

biofilm providing favorable microenvironment for late colonizing anaerobic pathogens like 

Porphymonas gingivalis, Aggregatibacter actinomycetecomitans, Fusobacterium nucleatum etc., 

(Figure 2.6). These aggressive pathogens are associated with inflammatory reactions in the bone 

tissue leading to periodontitis.90,91 

 

Figure 2.6. A scheme displaying the possible events due to adhesion of early colonizers on the 
surface of dental implants. 
 
 

2.9.2 Late stage failues 

Late stage failures are characterized by failure to maintain an osseointegrated interface, 

which is generally experienced after an implant is restored, and exposed to functional loading.44 
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Occlusal overloading, screw fractures, and peri-implantitis are the major contributors to late stage 

failure.42,92,93 The implant/tissue interface provides the required anchorage to sustain the functional 

loading.4 In vivo the implant is loaded by biting forces and moments, which in turn create stresses 

and strains in interfacial bone, bone-implant boundary, and the implant.94,95 If the interfacial stress 

and strain exceed mechanical and biological limits of tissue (or) implant, failure will occur.51 

Natural tooth has a periodontal ligament (Figure 2.7) which serves as a cushion, and facilitates 

stress distribution to the jaw bone.96 However, in an osseointegrated implant, the stress is directly 

transmitted to the bone, which results in stress concentration at the crestal bone level.96  

 

Figure 2.7. Comparison of a natural teeth versus a dental implant. (Modified from: 
http://www.tampaperiodontics.com/patient-information/dental-implant-faqs/) 

 

In a dog model, bone apposition on the implant occurred in the rage between 3400 to 6600 

µε. Above 6700 µε bone resorption occurred.97 A general hypothesis is that fatigue to the 
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interfacial bone because of the high stress and strain secondary to implant loading can result in 

bone micro-damage. An aggravated micro-damage can lead to micromotion and implant 

loosening.98  

In another scenario, the micro-fracture that appear in bone along the bone-implant interface 

can lead to fracture of prosthetic components (or) the implant itself. They will generally be at the 

origin of rupture of osseointegrated surfaces.92 It is a general assumption that bone loss precedes 

implant fracture. There are several factors which are attributed to cause dental implants fracture. 

They are: (1) design (or) production flaws, (2) inadequate fit of superstructure – studies have 

reported that a non-passive fit of superstructure may produce substantial tension between implant, 

crown, and the peri-implant bone, (3) load factors – occlusal and implant bearing forces. (a) inline 

implants: two implants (or) a combination of tooth and implant arranged in straight line.99 This 

geometry allows bending to occur as a result of lateral occlusion that might lead to implant fracture. 

(b) leverage: force generated at occlusal contact position magnified at implant cross section with 

alveolar crest, (4) bruxism (or) heavy occlusal forces – parafunctional occlusal habit contributes 

to potential overload, (5) design of superstructure – type of restoration influence the load and stress 

transmitted to the implant, (6) implant location – implants at posterior mandible and maxilla are 

the most prone to fracture, (7) implant size – small diameter implants fracture more easily than 

large ones, (8) metal fatigue – most fractures due to metal fatigue result in peri-implant bone 

resorption, cross sectional changes, and bone loss reduces bending resistance, and stress 

concentration.99 Occlusal overloading is not only associated with bone micro-fracture and implant 

fracture, but also considered to trigger inflammatory response leading to a clinical condition 

known as peri-implantitis.42     
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Recently, a rising number of implant failures have been reported due to peri-implantitis.100 

It is a clinical scenario that takes place in two stages. The first stage is the inflammation of soft 

tissues known as peri-implant mucositis101, which is diagnosed by bleeding on probing and/or 

suppuration. This condition is generally reversible with treatment but when left untreated it can 

progress into the second stage of irreversible inflammation and continuous bone loss, which is 

known as peri-implantitis.101 Peri-implant bone loss will eventually lead to implant failure. 

Diagnosis of peri-implantitis include radiographic alveolar level combined with (or) without 

clinical inflammation symptoms and/or probing depth (at least > 4 mm).102 According to Froum 

and Rosen, peri-implantitis can be divided into three categories such as: (i) early, (ii) moderate, 

and (iii) severe based on probing depth, bone loss, and implant exposure.103 A recent study reported 

that 1%-56% of patients who receive an implant suffer from this severe clinical condition.100,104 

The number of infected implant increases the longer these implants have been in place. Factors 

such as occlusal overloading97, previous periodontal disease history105, poor plaque control106, 

residual cement107, smoking108, and genetic factors109 are considered to trigger peri-implantitis. 

However, inflammation due to bacterial biofilm is considered to be the primary etiological factor 

for the disease.110 The current treatment modalities are targeted toward removing bacteria biofilm 

and their metabolic products deposited from the surface through detoxification and 

decontamination methods or implant removal if bone loss exceeded 50%.41 Although, there has 

not been enough human studies to prove the efficacy of detoxification treatments based on the 

success and survival rate of implants. Contrarily, it has been mentioned recently that the etiology 

of peri-implantitis is very complex with many risk factors indicating a multi-causality model.111 

Therefore, it was stressed that peri-implantitis treatment protocol should be evaluated in relation 
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to different risk factors and various implant features.111 In an earlier study, Mouhyi et al., has 

mentioned an interplay of multiple factors such as: (i) lesions of peri-implant attachment, (ii) 

presence of aggressive bacterial strains, (iii) excessive mechanical stress, (iv) corrosion in 

triggering peri-implantitis.18 It was hypothesized that the onset of any one of the above mentioned 

factors can initiate the rest resulting in a chain of events ultimately contributing to the peri-implant 

bone loss as shown in Figure 2.8.18  

 

Figure 2.8. Radiographic difference between (A) a healthy implant; (B) dental implants suffering 
bone loss due to peri-implantitis. (Modified from: 
http://www.dentaleconomics.com/articles/print/volume-105/issue-6/science-tech/the-science-
and-economics-behind-a-100-implant.html; https://www.osseonews.com/one-year-follow-stable-
crestal-bone-around-4-implants/) 

 

In summary, multiple factors are listed in the literature that can lead to implant failure. 

Particularly, bone quality, bacteria, and excessive mechanical forces have been considered as the 

key players in determining the short- and long- term implant/tissue integration (or) implant/tissue 

integration pre- and post- osseointegration/healing phase. Bacteria/bacterial biofilm have been 

associated with both early- and late- stage complications. It should be mentioned that these 

aforementioned factors are nothing but one of the parts of the oral environment in which a dental 
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implant is placed (or) inserted. Until now, unfavorable host response due to individual (or) 

synergistic effects of these factors has been given primary focus in causing failure of dental 

implants. However, it is also vital to research and understand what happens to the implant material 

(i) when there is a failure; and (ii) when it encounters various oral environmental factors at different 

stages. There has been few to no studies which discussed performance and failure of dental 

implants with respect to the anatomical and physiological conditions to which they are 

exposed.35,50 This research aims to bridge the gap in understanding the effect of multiple oral 

environment factors on the surface of Ti dental implants, based on novel in vitro experiments, and 

retrieval analysis of clinically failed implants. As mentioned earlier, the surface of Ti dental 

implants is nothing but a nano/micro thick TiO2 layer, which ensures biocompatibility, facilitates 

osseointegration, and most importantly provides corrosion resistance.17,80 Damage to the surface 

would mean breakdown of the surface oxide layer, which would result in exposure of bulk Ti, and 

release of metallic particles to the peri-implant tissues.32 In other words, the implant material lost 

its resistance to corrosion, and this resulting degradation can affect its biocompatibility and 

osseointegration properties. This study focusses on measuring the corrosion resistance aspect of 

Ti dental implants by qualitative and quantitative techniques. Corrosion in dental implants is 

seldom a topic of discussion. However, corrosion in metallic biomaterials has been extensively 

studied in the field of orthopedic replacements.    

 

2.10 Corrosion in metallic biomaterials 

Many of the commonly used surgical alloys possess highly reactive metals such as titanium 

(Ti), aluminum (Al), and chromium (Cr). As a result of the high reactivity, they will react with 
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oxygen upon initial exposure to atmosphere.112 This initial oxidation leaves an impervious oxide 

layer firmly adherent to the metal surface.16 Thus, all other forms of corrosion may be significantly 

reduced because the oxide layer acts as protective barrier, passivating the metals.16  

Metals, as a generic group, should be relatively susceptible to corrosion in the biological 

environment.112 Based on experimental observations and clinical experience, it has been found that 

even the most corrosion resistant metals will suffer significant and destructive attack upon 

prolonged implantation.112 Whether noble (or) passivated, all metals will suffer a slow removal of 

ions from the surface largely because of local and temporal variations in microstructure and 

environment.113 This release of metal ions need not necessarily be continuous, and the rate may 

either increase (or) decrease with time, but metal ions will be released into the environment.113 

Therefore, it is important to understand the variation in the susceptibility to corrosion and 

degradation, precise mechanism of the interfacial reactions, and consequences of such corrosion 

and degradation products.  

Corrosion resistance can be predicted from standard electrode potentials (SEP), but is not 

useful for predicting the occurrence of corrosion of most alloys in practice.112 Irrespective of SEP, 

corrosion resistance of many materials is determined by their ability to become passivated by an 

oxide layer that protects the underlying metal.112 Corrosion processes influenced by variations in 

surface and structural features, and in the environment that disrupt charge transfer equilibrium.112  

Biological environment to which metals are exposed is both very aggressive and very 

susceptible to material provoked adverse responses.68 The environment to which biomaterials are 

exposed during their prolonged use can be described as an aqueous medium containing various 

anions (Cl-, PO4
2-, HCO3

-), cations (Na+, K+, Mg2+, Ca2+), organic substances (light molecular 
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weight- and heavy molecular weight- proteins and lipids), and dissolved oxygen.114 The pH of this 

well buffered system is around 7.4, although because of inflammation it may change for short 

periods following surgery to as low as 4-5.114 The temperature remains constant at 37o C.114 The 

protein content of the environment is known to have a significant influence on the corrosive nature 

of body fluids.115,116 Moreover, these biomolecules could upset the equilibrium of the corrosion 

reactions by consuming one (or) other of the products of anodic (or) cathodic reaction.112 For 

example, proteins can bind to metal ions and transport them away from implant surface. This will 

upset equilibrium across charged double layer and allow further dissolution of metal.112  

The stability of the oxide layer is dependent on the electrode potential and pH of the 

solution.114 Proteins and cells can be electrically active and interact with the charges formed at the 

interface, and thus affect electrode potential.114 The pH of the local environment can be changed 

through generation of acidic metabolic products by bacteria and inflammatory cells that affect 

equilibrium.117–120 It should also be noted that the stability of the oxide layer is also dependent on 

the availability of oxygen.121 The adsorption of protein and cells onto the surface of materials could 

limit the diffusion of oxygen to certain regions of the surface.121 This could cause preferential 

corrosion of oxygen-deficit regions and lead to breakdown of the passive layer.121 t is well known 

that the cathodic reaction results in the formation of hydrogen (H2) gas evolution.112 In a confined 

locality, the build-up of H2 tends to inhibit the cathodic reaction, and thus restricts corrosion 

process.112 If H2 can be eliminated, then the active corrosion can proceed. It is possible that bacteria 

in the vicinity of an implant could utilize H2
112, and thus play a crucial role in the corrosion process. 

There are several instances when these factors have contributed to material degradation through 
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different types of corrosion, which are classified based on specific conventional mechanisms. They 

are listed in the following sections. 

 

2.10.1 Pitting Corrosion  

Localized corrosion can occur as a result of imperfections in the oxide layer, producing 

small areas where the protective surface is removed. These localized spots will actively corrode, 

and pits will form in the material surface. This can result in a large degree of localized damage, 

because the small areas of the active corrosion site become the anode and the entire remaining 

surface becomes the cathode. For example, stainless steel used as medical implants possess 

excellent corrosion resistance due to the passivation provided by the chromium oxide layer 

(Cr2O3). However, in a physiological saline environment, the driving force for repassivation of the 

surface is not high. Thus, if the passive layer is broken down, it may not repassivate and active 

corrosion can occur. 

 

2.10.2 Fretting Corrosion 

The passive layer may be removed by mechanical processes. This can be a scratch that 

does not repassivate, resulting in the formation of a pit, or a continuous cyclic process in which 

any reformed passive layer is removed. A common example is fretting corrosion observed between 

a fracture fixation plate, and bone screws attaching the plate to the bone. There are four ways 

through which fretting has been suggested to affect corrosion rate: (i) removal of the oxide layer; 

(ii) plastic deformation of the contact area which can subject this area to high fatigue strain, and 
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may cause fatigue corrosion; (iii) stirring of the electrolyte, which can increase the limited current 

density of the cathodic reaction; (iv) influence of fretting on hydrogen adsorption, and 

consequential hydrogen embrittlement especially witnessed in titanium.122,123  

 

2.10.3 Crevice Corrosion 

The area between the head of a bone screw and countersink on a fracture fixation plate can 

also be influenced by crevice conditions that the geometry creates. Porous coated implants may 

also demonstrate crevice corrosion. Accelerated corrosion can be initiated in a crevice by restricted 

diffusion of oxygen into the crevice. Initially, anodic and cathodic reactions occur uniformly over 

the surface, including within the crevice. As the crevice becomes depleted of oxygen, the reaction 

is limited to metal oxidation, balanced by cathodic reaction on the remainder of the surface. In an 

aqueous sodium chloride solution, the build-up of metal ions within the crevice causes influx of 

chloride ions to balance the charge by forming metal chloride. In the presence of water, the chloride 

will dissociate to its insoluble hydroxide and acid. This is a rapidly accelerating process, since the 

decrease in pH causes further metal oxidation.124  

 

2.10.4 Intergranular Corrosion 

A classic example is the intergranular corrosion observed in stainless steel. In stainless 

steel, chromium provides passivation. When the alloy becomes depleted in chromium naturally 

(or) by carbides formed at the boundaries, passivity in these areas are affected, and preferential 

corrosion can occur. This can cause severe problems since, once initiated it will proceed rapidly, 
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and may well cause fracture of the implant and release of large quantities of corrosion products 

into the tissue.125  

 

2.10.5 Stress Corrosion Cracking 

An insidious form of corrosion, since an applied stress and a corrosive environment can 

work together and cause complete failure of the component, when neither the stress nor the 

environment would be a problem on their own. The stress level may be very low, possibly only 

residual, and the corrosion may be initiated at a microscopic crack tip that does not repassivate 

rapidly. Incremental crack growth may then occur, resulting in fracture of the implant. Industrial 

uses of stainless steels in saline environments have shown susceptibility to stress corrosion 

cracking, and therefore it is a potential source of failure for implantable devices, although to date 

there has been little evidence that it occurs extensively in clinical practice.112  

 

2.10.6 Galvanic Corrosion 

Two dissimilar metals placed in the same solution will each establish its own electrode 

potential. Under electrical contact, a potential difference will be established between them, 

electrons passing from more anodic to more cathodic metal. Thus, equilibrium is upset and a 

continuous process of dissolution from the more anodic metal will take place. If both alloys remain 

within their passive region when coupled in this way, the additional corrosion may be minimal. 

Some modular orthopedic systems are made of titanium alloys and cobalt- based alloys on the 

basis that both should remain passive, but evidence of corrosion has been reported. Galvanic 
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corrosion may also take place in a microscopic scale in multiphase alloys where phases are of 

considerably different electronegativity. In dentistry, some amalgam may show extensive 

corrosion because of this mechanism.126  

 

2.11 Mechanically assisted corrosion (or) fretting-crevice corrosion 

The oxide film serves as a kinetic barrier to limit corrosion reactions in biological 

environments. While this is true under static condition, it does not necessarily provide a stable (or) 

strong barrier during mechanical abrasion.32 The thermodynamic driving force will expose the 

metal to the biological environment and accelerate the corrosion process when the oxide layer is 

breached. This degradation becomes much complicated in the presence of mechanical factors like 

cyclic loading, stress, micromotion, etc., and crevice geometries where fluid can accumulate. This 

complex combination of both mechanical and electrochemical factors was described by Gilbert et 

al. as “mechanically assisted crevice corrosion (MACC)”, which was associated with failures of 

modular hip, spinal, and other implants.32 MACC is a broad category, which includes different 

mechanisms such as (i) fretting corrosion, (ii) fretting-crevice corrosion, (iii) stress assisted 

corrosion, (iv) wear assisted corrosion (or) tribocorrosion. This in vivo degradation mechanism 

significantly affects the mechanical integrity of the implant, and is also thought to elicit biological 

(or) adverse tissue reactions significantly affecting the patient’s health.32  
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2.11.1 Concept of fretting-crevice corrosion 

The synergistic effect of restricted geometry (crevices in implants), fluid ingress and cyclic 

loading on modular taper corrosion of metal-on-metal hip implants has already been well studied 

and explained (Figure 2.9). Crevice-like geometries, mainly in modular interfaces are potential 

sites for fluid ingress. During cyclic loading, the contacting interfaces slide against each other, 

which can result in fretting, and result in fracture and rapid repassivation (consuming the available 

dissolved oxygen) process of the passive oxide film present on the taper surfaces. However, when 

the dissolved oxygen is depleted in the crevice region, abrasion of the oxide layer due to 

micromotion is not repassivated. Moreover, the lack of oxygen in the localized region will lead to 

increase in acidity, which along with the cyclic loading will accelerate the active corrosion of the 

base metal.32,35,127  

 

Figure 2.9. The concept of fretting-crevice corrosion. 
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2.12 Consequences of corrosion of implant materials 

Corrosion of metallic implants can result in release of metal debris to the peri-implant 

tissues. The size of the individual particles have been observed to range from 20-50 nm in the 

surrounding tissues of metal-on-ceramic (MOM) hip implants.128 These released particles have 

been reported to cause metallosis, aseptic lymphocytic vasculitis associated with lesion, 

pseudotumors, metal reactivity, and metal sensitivity leading to peri-prosthetic bone resorption 

leading to aseptic loosening, and adverse reaction to metal debris.128–132 MOM hip implants 

articulating region could emanate 1012-1014 particles/year.133  Metallosis (or) aseptic fibrosis is the 

chronic infiltration of metallic wear debris accompanied by reactive, chronic inflammatory 

changes within peri-prosthetic bony and soft tissue.134 Wear debris has been cited in the literature 

to elicit type IV T-cell mediated hypersensitivity reaction.135 Degradation products of CoCrMo 

and Ti alloy are immunologically reactive since they can become complexed with high molecular 

weight serum proteins especially immunoglobulin G (IgG).135 Accumulation of metallic wear 

particle and products of corrosion caused a localized reaction and reduction in immune response.135 

In vivo corrosion of MOM hip replacements and its associated adverse health problems have 

become a national health care issue. The Food and drug administration (FDA), healthcare products 

regulatory agency of UK issuing alerts for MOM hip replacements along with several medical 

device manufacturers issuing recalls in 2011-2012. This is just one example of an industry-wide 

problem, which can also extend to spinal, dental, and cardiovascular implants where metals are 

used.  
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2.13 Understanding the performance and failure of dental implants 

Even though corrosion is not considered as a serious concern in implant dentistry, there are 

studies which reported surface damage due to chemical and mechanical attack imparted on the 

implant materials. Earlier retrieval analysis suggested that a decrease in the thickness of the TiO2 

layer was observed in implant retrievals after 8 years of in vivo service.136 Chaturvedi et al. 

hypothesized that corrosion can severely limit the fatigue life and ultimate strength of the material 

leading to mechanical failure of dental materials.29 Olmedo et al., has shown the presence of Ti 

particles in the peri-implant tissues, which were surrounded by macrophage.36 In a more recent 

study, Shemtov-Yona et al., analyzed fractured implants, and suggested metal fatigue as one of the 

main fracture mechanisms.52 In addition, accelerated fatigue failure was also observed for implants 

that were cyclically loaded in a salt-like environment indicating potentially adverse effects of the 

in vitro atmosphere.52 Wilson et al., also witnessed presence of metallic particles in peri-implant 

soft tissue biopsies of failed dental implants.37  

Rodrigues et al., characterized the surface of retrievals extracted from patients due to peri-

implantitis. In that study, microscopic features revealed surface corrosion, which was found to 

have occurred due to a combination of acidic electrochemical condition and mechanical forces, 

and proposed fretting-crevice corrosion as a mechanism.35,50 It was also hypothesized that the 

complexity of the oral environmental factors contributed for the synergistic (or) combinatorial 

attack on the surface.35 Therefore, the present study developed novel testing setups in order to 

investigate and simulate the effects of this complex biological milieu (Figure 2.10) on the surface 

integrity of dental implants. In addition, clinical retrievals of dental implants obtained from early- 

and late- stage failures were analyzed. Surface characterization of in vivo retrievals and in vitro 
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tests were compared to provide a comprehensive understanding of individual, and synergistic 

effects of electrochemical and mechanical factors of the oral environment.    

 

Figure 2.10. The effect of the complex oral environmental factors on the surface of dental 
implants.  
 

 

In the oral environment, surface integrity of dental implants is challenged from its surgical 

introduction into maxilla/mandible as it is susceptible to abrasion during torsional insertion. 

Mechanical forces involved in surgical insertion have been reported to generate surface wear in 

previous in vivo studies.45,137 Under normal conditions, in the presence of dissolved oxygen, 

surfaces subjected to wear can be repassivated (or) reformed.16 This dissertation presents new in 

vitro methodologies to better understand the possibility of metallic particle generation during 

insertion and repassivation mechanisms post-implant insertion. The following information were 

obtained from this method: (i) torque required for inserting the implants in different densities of 
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bone; (ii) release of surface wear due to surgical insertion; (iii) electrochemical surface potential 

and corrosion kinetics post-insertion. 

After insertion, dental implants are closed with closure caps (or) healing abutments, and 

are allowed to heal for a period of 3-6 months.4 During this initial stage, implants are vulnerable 

to adhesion of primary colonizers.67 In order to evaluate the link between bacteria and corrosion 

during early stages of implantation, a novel test methodology was developed. Dental implants were 

immersed in in vitro polycultures of selected bacterial species from early- and late-colonizers. This 

study provided the following parameters: (i) pH created by bacteria in the growing medium; (ii) 

effect of bacterial contamination for an extended period of time; (iii) change in surface 

morphology, chemistry, and potential.  

Dental implants are connected to prosthetic components after successful 

healing/osseointegration and exposed to masticatory loading. Loss of osseointegration is 

associated with bacterial biofilm and occlusal overloading.18,44 While the individual effects of 

biofilm on the surface of dental implants can be evaluated with immersion tests as mentioned 

above, synergistic effects of bacterial biofilm and occlusal loading on the implant surface was 

investigated under simulated oral conditions by applying loads and exposing implants to 

polymicrobial cultures. A materials testing system (MTS) equipped with an environmental bath 

chamber was modified to accommodate a bacterial medium flow under simultaneous loading. This 

novel custom-made setup was designed with a small chamber that will allow dental implants of 

any design, material or geometry to be placed in a circulating broth containing a polymicrobial 

culture. This test setup will provide the following parameters: (i) synergistic effects of 

micromotion and acidic environment on the implant surface morphology, chemistry, and potential; 
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and (iii) information about the role of acidic environment on the fatigue properties of implants. 

This setup has the versatility to test different surface treatments and materials used in different 

dental implant systems.  

An illustration of multiple methods (Figure 2.11) developed to evaluate the effect of oral 

environmental factors on the surface of dental implants to understand their performance in vivo, 

and also to identify the triggering factors for failure. 

 

Figure 2.11. Novel in vitro tests developed to evaluate the effect of multiple oral factors. 
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CHAPTER 3 

GOALS AND HYPOTHESES 
 

Goal 1: To assess in situ surface exfoliation and electrochemical potential of dental implants 

inserted in simulated bone materials 

Surface exfoliation and electrochemical potential of implants were evaluated in two tasks. Task 1: 

In vitro insertion of implants was performed in simulated bone of varying densities. Results of this 

test revealed the insertion forces with respect to bone densities, and composition of particles 

resulting from mechanical forces applied during insertion procedures. Particle composition was 

investigated with powder X-ray diffraction. Task 2: Electrochemical surface potential and 

corrosion kinetics of implants inserted in simulated bone materials was performed. Results 

provided the stability of the surface oxide layer post-implant insertion.   

 

Hypothesis: Surgical insertion of dental implants will lead to abrasion and exfoliation of the 

titanium oxide layer. The constricted space inside the bone will not provide the required 

electrochemical conditions for the implant surface to repassivate. 

 

Rationale: The abrasive effect due to torsional insertion can lead to a premature generation of 

metal particles in tissues surrounding a dental implant.45 The most important feature of the passive 

oxide layer is the ability to repassivate when the oxide layer is damaged. However, repassivation 

occurs only in the presence of oxygen.16 Hence, it is important to understand the electrochemical 

condition in a closed environment like bone and its ability to provide the necessary aeration and 

lubrication to allow the surface to achieve repassivation.  
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Goal 2: To investigate the role of bacterial colonization on the surface of dental implants 

The effect of different bacterial species on the surface integrity of dental implants was evaluated 

from in vitro and in vivo conditions in two tasks. Task 1: In vitro immersion tests of dental implants 

were performed in mono/poly-culture of early and late colonizing bacterial species. Task 2: 

Surface analyses of in vivo retrievals were conducted with implants obtained from early- and late- 

stage failures. Surface morphology and chemistry were evaluated by microscopy and X-ray 

photoelectron spectroscopy. Surface potential was assessed using electrochemical experiments. 

 

Hypothesis: Early and late stage bacterial colonization on the surface can create a sustained acidic 

environment. An acidic oral environment will lead to surface corrosion of dental implants resulting 

in breakdown of the oxide layer. 

 

Rationale: Adhesion of bacteria/bacterial biofilm on the surface of dental implants can lower the 

pH in two ways: (1) contact and adhesion of primary colonizing planktonic bacteria on surfaces 

that release organic acids during fermentation, thereby decreasing the pH of the oral environment; 

and (2) biofilm formation on implant surfaces. Bacterial biofilm is suggested to lead to the 

development of localized crevice environments, which due to differential aeration and oxygen 

depletion will induce a significant decrease in pH and consequent metal bulk attack. Besides 

leading to metal particle generation, this condition is hypothesized to disrupt implant 

osseointegration.26,49,51,88  The effect of bacterial colonization on the surface of dental implants 

was investigated by performing in vitro immersion tests and in vivo retrieval analysis. 
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Goal 3: To evaluate the effect of mechanical occlusal forces on the surface of dental implants 

This aim examined the role of occlusal forces on implant surfaces subjected to two different testing 

scenarios in two tasks. Task 1: Evaluation of the effect of occlusal loads in simulated mild oral 

environment on the surface of dental implants. A quasi-static test was performed to finalize the 

load limits for the fatigue test. The implants were immersed in phosphate buffer saline (PBS), and 

were simultaneously subjected to mechanical fatigue. Task 2: Investigation of the synergistic 

effects of bacterial adhesion and micromotion at the implant/bone and implant/abutment/crown 

interfaces due to cyclic occlusal forces. Mechanical fatigue test was performed with implants 

immersed in bacterial poly-culture broth. Post-fatigue test, the implants surface morphology, 

chemistry, and potential were analyzed.  

 

Hypothesis: The synergistic effects of micromotion, due to occlusal loading, and bacterial biofilm 

will result in breakdown of the oxide layer leading to continuous dissolution of metal ions. 

 

Rationale: The grinding action during mastication, clenching, and bruxing of teeth can lead to 

cyclic occlusal forces.138–140 Cyclic occlusal loading on modular crown-abutment, implant-

abutment, and bone-implant interfaces can generate micromotion between the counterparts.141–143 

Either the modular interfaces or poor osseointegrated surfaces between bone and implant can 

create localized acidic crevice environments. This localized acidic condition can be also created 

by the adhesion of bacterial biofilms on the surface of dental implants. A mature biofilm will 

prevent oxygen diffusion to the surface leading to restricted aeration. The combination of an acidic 

environment and micromotion triggered fretting wear can lead to permanent breakdown of the 
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passive oxide layer leading to bulk exposure. This phenomenon is known as fretting-crevice 

corrosion. In this aim, a mechanical testing setup is designed to understand the effect of occlusal 

forces on the implant’s surface and its mechanical performance under two different scenarios. 
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CHAPTER 4 

IN VITRO EVALUATION OF TITANIUM EXFOLIATION DURING SIMULATED 

SURGICAL INSERTION OF DENTAL IMPLANTS 

 
4.1 Prior Publication 

This work was published in the Journal of Oral Implantology in 2015. The paper describes 

the evaluation of the metallic particles release during insertion of dental implants in different 

densities of bone materials. Reproduced with permission of the Journal of Oral Implantology. Link 

to the article: http://www.joionline.org/doi/10.1563/aaid-joi-D-14-00230?url_ver=Z39.88-

2003&code=aaid-premdev.   

Sathyanarayanan Sridhar performed the experiment mainly the characterization of the 

osteotomy sites post-insertion. Pilanda Watkins-Curry carried out the powder x-ray diffraction 

studies.  Dr. Danieli Rodrigues was an expert source in the biomaterials field and guided the design 

of the experiments and the data analysis. Dr. Wilson was an expert source in the field of implant 

dentistry who performed the insertion of dental implants in the simulated bone material following 

the standard surgical protocol. Dr. Chan was an expert resource for powder x-ray diffraction 

experiments. All authors contributed for the composition of the manuscript. 

 

4.2 Abstract 

Dissolution of titanium wear particles in the oral environment and their accumulation in 

the surrounding tissues have been associated with dental implants (DI) failure. The goal of this 

study is to investigate the effect of mechanical forces involved in surgical insertion of DI on the 
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surface wear and metal particle generation. It was hypothesized that mechanical factors associated 

with implant placement can lead to the generation of titanium particles in the oral environment. 

The testing methodology for surface evaluation employed simulated surgical insertion followed 

by removal of DI in different densities of simulated bone material. Torsional forces involved in 

the insertion and removal of DI were monitored. The surface of the simulated bone materials was 

inspected with optical microscopy to detect traces of metallic particles generated during the 

procedure. Further characterization of the composition of powders collected from osteotomy 

cavities was conducted with powder X-ray diffraction.  The results showed that the different 

densities of simulated bone material affected the torsional forces associated with implant insertion. 

However, the mechanical factors involved in the implant insertion/removal procedure did not 

generate wear particles as confirmed by powder x-ray experiments.  

 

4.3 Introduction 

The ability of titanium to osseointegrate propelled the titanium (Ti) dental implants (DI) 

industry into accelerated development and commercial success.1 In the US, approximately 500,000 

patients undergo surgical insertion of DI every year7 with reported success rate of about 95%.144 

It has been demonstrated that the success of an implant depends on bone quality and volume, peri-

implant clinical parameters and implant stability.39,40 It can be noted that bone quality and the 

degree of surgical trauma are correlated with biological failure of implants.51 Higher ratio of 

compact to trabecular bone in the mandible leads to higher survival rates of implants inserted in 

the anterior mandible than in the maxilla.145 In addition, bone density along the same jaw can vary 

considerably. For example, the density of bone in the mandible is reported to vary from 0.31 g/cm3 
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to 0.55 g/cm3. 146 Clinical failures of dental implants have also been associated with early post-

surgical stages where blood supply, bone healing and primary stability play a key role.147 

In order to promote successful osseointegration and faster bone healing, various types of 

surface treatments can be imparted on the surface of DI. These include surface blasting, acid 

etching, plasma spraying and anodization among others.20 These surface treatments could generate 

loose titanium particles in bone tissues.148 The release of abraded wear particles depends on the 

structure of the surface, roughness and topographical configuration.149 It has been suggested that 

increased surface roughness may enhance the progression of peri-implantitis.150 Peri-implantitis is 

the continuous loss of bone surrounding an osseointegrated DI due to destructive inflammatory 

reactions.101 There is an increasing prevalence of this clinical condition leading to failure of DI.151 

There are several potential etiological factors for peri-implantitis97,105,106,108,109, among which 

titanium particles release remains a potential cause for peri-implant disease.35 The accumulation 

of titanium particles and ions in tissues surrounding implants has been reported in the literature.36,37 

These free titanium ions were shown to form complexes with native protein leading to type IV 

hypersensitive reaction.152 This allergic reaction was confirmed in a study involving 1500 patients 

with dental implants.153 It was also reported that failure of implants can occur to patients who are 

sensitive to any other metals.154 

Release of titanium may occur even before functional loading of an implant. Insertion of a 

dental implant can cause friction and abrasion against hard tissues.45 Dynamic localized spots are 

randomly created during insertion procedures, which can generate areas of stress concentration 

that may compromise the integrity of surface features and release metal particles.46 Previous in-

vivo studies have shown the effect of insertion and dissemination of titanium particles to lymph 
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nodes155, distant organs of the body in beagle dogs156 and in sheep47. Cellular uptake and 

subsequent lysosomal degradation may occur leaving some partially degraded particles so that 

subsequent transport into local blood vessels and to distant organs is likely.47 Previous research 

also reveals that insertion procedures can release up to 0.5 mg of particles at bone-implant 

interfaces.46 It has been reported that only 0.2-0.3 mg of loose titanium particles is required for 

triggering aseptic loosening of implants.157,158  

The possibility of titanium wear from implant insertion procedures contributing to peri-

implantitis make it important to develop a better evaluation of the potential for surface exfoliation 

during implantation. Therefore, the primary goal of this work is to evaluate the effect of surgical 

insertion of DI in different densities of simulated bone materials. The current study considers a 

worst case scenario of effects of insertion and removal of an implant on the pre-mature exfoliation 

of titanium. Microscopy was carried out to evaluate the surface features of the osteotomy sites post 

extraction of implants from simulated bone materials, and powder X-ray diffraction was used to 

determine the composition of wear products generated during the procedures.    

 

4.4 Methodology 

4.4.1 Materials 

Sixteen (Straumann USA LLC, Andover, MA) sand blasted, large grit and acid etched 

(SLA) freshly packaged commercial DI consisting of two groups were used for the in-vitro 

insertion testing. No additional surface treatment, cleaning or sterilization procedure were 

performed after opening the implant package. Group 1 consisted of 8 (4.8 x 7.0 mm) and group 2 
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consisted of 8 (4.1 x 6 mm) dental implants. Polyurethane foam blocks of different densities, 

referred to as sawbones (Sawbone Inc., Vashon, WA), were used as the simulated bone materials. 

A simulated bone material was used because of variations in qualities and densities found with 

natural bones, which could affect the reliability and validity of the results.159 Also, polyurethane 

foam blocks are the ASTM recommended material substitute for bone because of its anisotropy 

and heterogeneity. In addition, these materials are available in composite models.160 Four different 

densities 10, 20, 30 and 40 Pounds per Cubic Foot (PCF) of sawbones were selected to simulate 

the varying bone densities of the population receiving DI. Misch classification of bone density161 

is elaborated on Table 4.1.      

Table 4.1.  Misch’s classification of sawbone with respect to natural bone density. 

Sawbone Density 
(PCF) 

Bone density (g/cm3) Representative bone 
quality 

10 0.16 Low density bone (D1) 

20 0.32  

30 0.48  

40 0.64 Medium density (D2) 

50 0.80 High density (D3) 

 

4.4.2 Implant Insertion 

Sawbone of each density (10, 20, 30, 40 Pounds per Cubic Foot (PCF)) were cut in blocks 

of 50 mm x 25 mm. Each density investigated received insertion of two dental implants. The 

preparation of implant site and insertion were performed following actual surgical procedures and 

using surgical instrumentation as illustrated in Figure 1. Two "osteotomies" were drilled in each 

sawbone block using a standard surgical drill sequence (round burr, 2.2 mm, 2.8 mm and 3.5 mm 
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drills). After insertion of two implants in these "osteotomies", each implant was de-torqued using 

a torque wrench and removed from the block. The procedure is summarized and illustrated in 

Figure 4.1. The torque required for the insertion and removal of the specimens was monitored 

with a standardized surgical torque wrench, which has an upper limit of 60 N.cm.  

 

Figure 4.1. Sawbone block prepared for implant insertion testing and schematics of full cycle of 
insertion and removal of an implant.  
 

4.4.3 Surface Analysis 

The surface of the insertion site in the sawbone blocks was analyzed with digital optical 

microscopy post-testing (Keyence VHX 2000, Itasca, IL). The analysis was performed to verify 

the presence of particle debris or other features that may have been caused by insertion or removal 

of the implants. Then, the blocks were sectioned transversally for further microscopic and 

diffraction analysis. For each density of sawbone block (10, 20, 30 and 40 PCF), two implants 

were subjected to insertion/removal procedures. Post-implant removal, powdered samples 

extracted from sawbone osteotomy walls were characterized by powder X-ray diffraction (XRD) 
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(Bruker, D8 Advance Power X-ray Diffractometer) operated at 40 kV and 30 mA with a Cu Kα 

radiation source equipped with a Lynxeye XE detector. X-ray diffraction data were collected using 

Bragg Brentano geometry from 10° to 80° using a step size of 0.02 at a rate of 0.1 second per step. 

Control samples (powdered sawbone block material that did not come in contact with an implant) 

were also evaluated with XRD for comparison with the material obtained from the 

insertion/removal test.  

 

4.5 Results 

4.5.1 Implant insertion 

The normal recommended torque for implant insertion by the manufacturer is 35 N.cm. 

Table 4.2 shows the measured insertion and removal torques during insertion of the two groups 

of implants using increasing densities of sawbones. The insertion torque for both groups of 

implants in 10 & 20 PCF was less than or equal to 20 N.cm. The 30 PCF materials provided the 

ideal conditions for group 1 and 2 implants to be inserted with an insertion force of 35±5 N.cm. 

The maximum torque of 60+ N.cm was recorded for the insertion of group 1 (4.8x7.0 mm) 

implants in 40 PCF block, whereas a lesser force of 50 N.cm (in 40 PCF) was needed for group 2 

(4.1x6.0 mm) insertion. Removal torque was the same as the insertion torque with respect to each 

implant in group 1, while group 2 implants involved a lesser removal torque compared to the 

insertion procedure. It is clear from the results that insertion and removal torsional forces increased 

with an increase in sawbone density (from 10-40 PCF). It should be noted that insertion of group 

1 (Table 4.2) dental implants in 40 PCF foam blocks was difficult due to the compact density of 
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the material, therefore only 3 mm of the implant body could be inserted. This was reflected in the 

torque required for insertion and removal, which was more than the actual limit (60 N.cm) of the 

torque wrench. The procedure simulated actual insertion and removal of a dental implant. Note 

that the low density materials (10 and 20 PCF) were selected to simulate soft (cancellous) bone, 

while denser sawbones simulated the properties of hard (cortical) bone. The test could not be 

performed with sawbone material of 50 PCF density because insertion of the implants in such 

dense material proved to be impossible. Hence, 30 and 40 PCF materials were considered as 

representatives of hard bones. The density of 30 and 40 PCF was equivalent to the range of bone 

densities in the mandibular region, which range from 0.31 g/cm3 to 0.55 g/cm3. 

Table 4.2. Torsional forces measured during insertion and removal of dental implants in/from 
sawbones of increasing densities. Results for two implant specimens (#1 and #2) per density group 
are illustrated. 
 

Sawbone 

density (PCF) 

Insertion  
Torque #1 

(N.cm) 

Removal  
Torque #1 

(N.cm) 

Insertion 
Torque #2 

(N.cm) 

Removal  
Torque #2 

(N.cm) 
Group 1: Dental implants (4.8 x 7.0 mm) 

            10 -15 -15 -15 -15 

            20 20 -20 20 -20 

            30 30 30 35 35 

            40 60+ 60+ 60+ 60+ 

Group 2: Dental implants (4.1 x 6.0 mm) 

10 <15 <15 <15 <15 

20 15 <15 15 <15 

30 35 30 40 30 

40 50 35+ 50 30 
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4.5.2 Analysis of sawbone 

Microscopic analysis of sections of sawbone blocks showed presence of exfoliated 

materials deposited on the osteotomy walls of the testing blocks. Figures 4.2a and 4.2e and 

Figures 4.2b and 4.2f show aggregate of particles (arrow marks) on the 10 PCF and 20 PCF blocks, 

respectively. Figures 4.2c and 4.2g and Figures 4.2d and 4.2h show much more scattered spread 

of particles (arrow marks) on the surface of 30 PCF and 40 PCF blocks. The particles appeared to 

be of metallic nature due to the dark coloration when macroscopically inspected. The same trend 

was seen in both groups of dental implants. Therefore, powdered samples from the sections of the 

sawbone blocks containing these particles were further characterized by powder XRD for 

confirmation of materials composition. 

 

Figure 4.2. (a-d) Group 1 dental implants; (e-h) Group 2 dental implants. Particle deposition 
(marked with black arrows) observed in the site of insertion (osteotomy) post removal of implants 
in sawbone of different densities (a, e) 10 PCF; (b, f) 20 PCF; (c, g) 30 PCF; (d, h) 40 PCF. 
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Diffraction analysis of the powdered samples extracted from the sites of blocks inserted 

with the implants investigated did not show any presence of metal traces, specifically titanium or 

other alloy components as shown in Figures 4.3 and 4.4. The XRD analysis of all specimens 

investigated from the different sawbone densities or groups showed similar diffraction patterns to 

those of control samples. Figure 4.3 shows diffraction patterns of Group 1, where the red and blue 

traces represent the diffraction patterns of specimens collected from two implant cavities of each 

density of sawbone blocks. The black trace refers to the diffraction pattern of the control specimen 

extracted from blocks that were not subjected to insertion/removal of implants. It can be noted that 

diffraction patterns are not significantly different from the control sample. 

 

Figure 4.3. X-ray diffraction patterns of ground specimen extracted from sawbone blocks with 
densities of (a) 10 PCF; (b) 20 PCF; (c) 30 PCF; (d) 40 PCF subjected to insertion/removal of 
Group 1 implants. Red and blue trace represents two specimens obtained from sawbone extraction 
from the site of insertion (osteotomy) post removal of implants. Black trace represents sawbone 
specimen which was not subjected to insertion of implant. 
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Figure 4.4 shows four diffraction patterns for each sawbone block density post–removal of Group 

2 implants. Two curves (red and blue) belong to the powdered sawbone specimen extracted from 

the two implant cavities. The third curve (green) was an additional sawbone sample with a 

combination of powdered specimen from both implant cavities. This was done because the 

dimension of Group 2 implants was small and the area that was available for sample extraction 

was limited. Hence, to confirm and eliminate the possibility of titanium dispersion, an additional 

specimen was analyzed. The fourth curve (black) was the control sample. As in Group 1, XRD 

patterns of Group 2 and microscopy analysis confirmed that the particle deposition observed on 

the blocks were not of metallic nature. 

 

Figure 4.4. X-ray diffraction patterns of ground specimen extracted from sawbone blocks with 
densities of (a) 10 PCF; (b) 20 PCF; (c) 30 PCF; (d) 40 PCF subjected to insertion/removal of 
group 2 implants. Red and blue trace represents two specimens obtained from sawbone extraction 
from the site of insertion (osteotomy) post removal of implants. Black trace represents sawbone 
specimen which was not subjected insertion of implant. 
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4.6 Discussion 

This study evaluated the effect of mechanical forces involved in the surgical insertion on 

the surface of dental implants, using sawbones of several densities to simulate insertion in bones 

of varying densities. It was hypothesized that insertion forces could induce premature breakage of 

the titanium oxide layer, resulting in particle debris generation. Wear debris depositing in 

surrounding tissues can induce an inflammatory response if debris remain in the implantation 

site.35–37  

Insertion test showed the incremental torque required for implant insertion/removal with 

increasing density of the sawbone material used, as expected. This is in agreement with previous 

studies where insertion test was performed to understand the primary stability of the implant. The 

maximum insertion and removal torque previously recorded was 115.2 ± 31.1 N.cm and 102.9 ± 

36.4 N.cm, respectively, for an etched implant using undersized technique.162 In our study, the 

maximum torque experienced was 60+ N.cm recorded for Group 1 implants inserted in 40 PCF 

sawbone blocks. This was less than the reported maximum because the implant was torqued inside 

until reaching the maximum limit of the surgical torque wrench (60 N.cm) used for this study.  In 

another study, the insertion torque required for placing an implant in 40 PCF sawbone was 

recorded to be approximately 31.7 ± 7.53 N.cm.163 In this experiment, the insertion torque for 

inserting an implant in 40 PCF ranged between 30-60+ N.cm over two different groups of implants 

with varying dimensions.  Implant dimension has been suggested as one of the important implant-

related factors affecting insertion torque.164  In addition, clinical studies have established several 

factors in-vivo that could affect the insertion torque such as: (i) implant flanges impinging on 

crestal cortical bone, (ii) implant bottoming out at a base of prepared bone, (iii) engagement of 
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lower cortical bone layer by apical portion of implant, (iv) generation of friction as full length 

inserts into bone and (v) resistance of interfacial bone to local compression in a tapered implant.165  

Insertion torque is also a very important parameter in the surgical insertion of dental 

implants as excessive forces, exceeding physiological limits, can lead to bone resorption and 

implant failure due to pressure induced necrosis.166,167 Clinical results indicate that insertion 

torques of about 40 N.cm increases the success rate of implants.20 In the present study, it was noted 

that implant removal torques were equal to (or) less than insertion torques. This was correlated 

with a previous study under similar scenario, where the restricted viscoelastic property of 

surrounding artificial bone was considered as the main reason.168 The removal step performed with 

the implants in this study was not meant to replicate actual surgical removal of an implant, but it 

was conducted to remove the implant and expose the osteotomy site for further analysis. It also 

provided a worst case scenario for titanium exfoliation, because the implant was subjected to both 

insertion and removal forces.  

Microscopic analysis of the surface of the sawbone blocks post-experiment showed particle 

deposition (in the form of black deposits) surrounding the implant "osteotomy". These particles 

were concentrated in the 10 and 20 PCF blocks and deposition was observed to be more scattered 

with the 30 and 40 PCF blocks, as illustrated in Figures 2 (a-h). Inspection of the particles raised 

the question whether the particles were metallic or polyurethane (from friction of the implant 

against the sawbone walls) in nature. It is important to understand the nature of particles deposited 

on the sawbone surface because metallic debris has been observed in peri-implant tissues and peri-

implantitis biopsies. Dissolution of metal ions in the oral environment has been considered one of 

the triggering factors for peri-implantitis and also has been shown to trigger type IV 
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hypersensitivity.35,152 Synergistic effects of bacterial biofilm and occlusal overloading in the oral 

environment has been considered as a triggering factor for surface degradation.35 Thus, it is 

essential to understand the effects of abrasion of the implant surface against bone during surgical 

insertion procedures. Hence, powdered samples were obtained from the sawbone blocks and were 

further inspected with XRD. The diffraction patterns of all powdered samples showed curves 

similar to the control sample. Hence, it was confirmed that the powdered samples contained no 

traces of Ti or Ti oxide with all the sawbones densities (10-40 PCF) investigated, as shown in 

Figure 3 (a-d). Thus, it can be concluded that particle deposition shown in the microscopic analysis 

(Figure 2a-2h) was not from titanium wear but rather polyurethane (sawbone material) debris. The 

debris could have resulted from the drilling performed for preparation of the implant site. The 

particle deposition could have also resulted from the frictional effect generated against the surface 

of the sawbone walls during implant insertion.  

The results of this study indicate that the likelihood of prematurely damaging the surface 

of a dental implant with a sand blasted, large grit, acid etched surface and inducing metallic particle 

debris during insertion procedures may be low. These observations were purely based on 

microscopy and diffraction results, therefore future testing is warranted to evaluate the occurrence 

of such phenomenon using dental implants with different surfaces and additional techniques.  This 

is study is part of a series of testing conditions that will investigate the effect of mechanical and 

electrochemical factors on the surface of dental implants. Future studies will include evaluation of 

the synergistic effects of bacteria and mechanical loads, as well as their individual roles, on 

triggering corrosion and wear of the surface of dental implants. 
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4.7 Conclusion 

An in-vitro evaluation of premature exfoliation of metallic particles during surgical 

insertion of dental implants in different densities of simulated bone material was carried out. The 

results clearly showed that different bone densities can affect the mechanical forces associated 

with the insertion procedure. The torsional insertion was hypothesized to generate titanium oxide 

particles due to abrasion during insertion. However, XRD analysis confirmed that there was no 

premature exfoliation due to the implant insertion procedure. The evaluation of sources of metallic 

particle generation is critical, given recent studies has shown that metallic ion and particles 

released from implant surface can contribute to inflammatory processes. 
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CHAPTER 5 

CAN TITANIUM DENTAL IMPLANTS UNDERGO CORROSION DURING 

INSERTION PROCEDURES? 

5.1 Abstract 

Patients’ bone quality is a significant factor that can heavily influence dental implant (DI) 

performance, longevity, and stability. Insertion torque due to bone density and quality may be a 

contributing factor to metal-ion dissolution. Thus, the primary goal of this study is to evaluate 

corrosion kinetics post-titanium (Ti) DI insertion to further clarify the mechanism of metal 

exfoliation during insertion procedures. It is hypothesized that implant insertion with higher 

density material will weaken the oxide layer, and increase the susceptibility towards metal-ion 

dissolution. The study employed implant insertion procedures using bone simulating materials of 

two different densities. In summary, DI’s were surgically inserted into low (20 Pounds per Cubic 

Foot (PCF)) or high density (40 PCF), pre-sectioned, simulated bone material blocks. Immediately 

post-insertion, the bottom halves of the inserted DI were exposed to an electrochemical cell and 

subjected to corrosion tests such as open circuit potential (OCP), linear polarization resistance and 

anodic Tafel analysis. Results revealed that the corrosion potential (Ecorr), polarization resistance 

(Rp), and corrosion rate of un-tested fresh DI, and DI subjected to insertion in 20 PCF and 40 PCF 

did not have any significant differences. It was concluded that insertion procedure did not lead to 

corrosion, which was consistent with a previous study which concluded that there was no metal 

release due to insertion. 
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5.2 Introduction 

Commercially pure titanium (cpTi) dental implants (DI) are widely used due to several key 

properties17,80,169, they are highly biocompatible, corrosion resistant, and contain an excellent 

biomechanical interface. Upon exposure to oxygen, titanium readily forms an amorphous, porous 

oxide layer (TiO2) on its surface. If damaged, the oxide layer has the ability to repassivate, or 

spontaneously reform, given satisfactory physiological conditions.17 This oxide layer facilitates 

osseointegration and provides a physical barrier preventing accelerated corrosion of the bulk to the 

surrounding tissues. However, implant micromotion, overloading, acidic pH conditions, and other 

harmful factors can contribute to the breakdown of this oxide layer and dissolution of metal ions 

in the peri-implant tissue.35 The oral environment is complex in nature with varying environmental 

conditions that expose the surface to temperature and pH changes.34 In addition, in vivo, these 

devices encounter bacteria during the initial healing period and later after osseointegration has 

been established, and once functional they are subjected to mechanical occlusal forces.170 Even the 

surgical placement of dental implants in the maxilla or mandible involves application of torsional 

forces.39 This can result in mechanical abrasion between the implant surface and hard tissue.45  

Among the several events that can affect the surface of dental implant post-implantation, 

which in turn may trigger a host response, metallic particles produced during insertion procedures 

have been recently discussed to be associated with mechanisms leading to peri-implant bone 

loss.171  Frictional forces generated during the insertion procedure have the potential to undermine 

the oxide layer, thereby increasing the susceptibility of the surface towards metal-ion dissolution.45 

This release of metallic particles can lead to complications in the surface-tissue interface, and can 
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ultimately lead towards implant failure.29,38,127 Previous in vitro and in vivo studies have reported 

instances of particle release due to the insertion of DI. 46,47,155,156,172  

Therefore, the possibility of particle release makes it important to understand the 

electrochemical behavior of dental implants inside bone immediately post-insertion. The torque 

required for insertion has been regarded as one of the important factors that modulates primary 

stability.40 Primary stability is governed by factors such as bone quality and volume, peri-implant 

clinical parameters, and implant stability.39,40 Bone quality has been one of the important factors 

that determines the insertion torque and, a poor bone quality has been reported to result in early 

implant failure.51 It has been well established that denser bone would require higher insertion 

torque.162 However, there have not been studies which have tried to answer whether different bone 

densities could lead to surface degradation. Therefore, this study provided an in vitro testing 

protocol to understand the effect of insertion procedures in simulated bone material of different 

density extremes representing soft, and hard bone tissues. 

The overall goal of this study is to design and perform in vitro electrochemical testing of 

DI inserted in simulated bone materials to evaluate corrosion kinetics of DI post-insertion. This 

study was based on the hypothesis that the insertion procedure will cause abrasion of the TiO2 

leading to corrosion, and loss of surface passivity. The increasing bone density is expected to 

further exacerbate this surface degradation process. To evaluate this condition, DI were inserted 

in pre-sectioned blocks simulating soft- and hard- bone. Post-insertion the sectioned blocks were 

removed to expose the surface to a series of standard electrochemical tests such as open circuit 

potential (OCP), linear polarization test, and anodic Tafel analysis.  
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5.3 Materials and Methods 

            A total of nine implant specimens (commercially packaged, sand blasted, large grit, acid 

etched (SLA) cpTi dental implants (Straumann LLC., Andover, MA) (4.1 x 10 mm)) were used in 

this study. Implants were evenly split into three groups. Group 1 consisted of freshly packaged 

implants which were not subjected to insertion. Group 2 and Group 3 implants were inserted into 

the pre-sectioned 20 Pounds-per-Cubic-Foot (PCF) and 40 PCF sawbone blocks (Pacific Research 

Laboratories, Inc., Vashon Island, WA), respectively. 20 and 40 PCF sawbone blocks were chosen 

to mimic the density of soft and dense bone, respectively. Blocks were pre-sectioned into a top 

half, a lower-bottom right quarter, and a lower-bottom left quarter as shown in Figure 5.1.   

 

Figure 5.1. A scheme illustrating simulated surgical insertion procedure performed in this study. 

 

Post-insertion, the bottom halves of the sawbone blocks were removed to expose the 

bottom 6 mm portion of the DI to Hank’s salt solution (1X, pH 4.5, 22°C); this medium was used 

to better mimic the tissues’ osmotic and pH environment that the implant comes into contact with 

during the insertion procedure. This model can be shown below in Figure 5.2. 
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Figure 5.2. Three electrode electrochemical cell setup of a dental implant post-insertion. 

 

Open circuit potential, polarization resistance, and anodic Tafel were then performed 

sequentially for each implant using a Potentiostat (Interface 1000, Gamry Instruments). The open-

circuit potential was monitored first for 1 hour with a 0.5s sampling period in order to ensure the 

system reached electrochemical equilibrium, and measured the thermodynamic stability of the 

oxide layer. 

The final OCP reading was recorded as the corrosion potential (Ecorr). Afterwards, linear 

polarization was performed at a scanning rate of 0.1667 mV/s from -10 to 10 mV in relation to 

Ecorr. This yields the impedance of the implant, and directly measures the corrosion resistance. 

Following linear polarization, anodic Tafel testing was conducted from the Ecorr with an anodic 

scan of 1 mV/s to + 0.25 V above Ecorr. Results from the anodic Tafel procedure were used to 

calculate the relative corrosion rate for each sample. One-way ANOVA was performed to 

understand the statistical significance of the electrochemical test results among the three groups of 

dental implants.  
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5.4 Results 

As shown in Figure 5.3, there were no significant differences (p > 0.05) in the 

electrochemical test parameters measured between the control, and specimens inserted in 20 PCF 

blocks and 40 PCF blocks.  The average Ecorr values of implants inserted in 20 PCF, 40 PCF, and 

control were all on the positive side. Implants inserted in 40 PCF had the highest corrosion 

potential. One of the implants inserted in 20 PCF sawbone block exhibited the lowest Ecorr value 

of –50 mV.  The average polarization resistance (Rp) of all the specimens were in the range 

between 5 MΩ to 12 MΩ. The Rp values were comparable among the groups. Control had the 

highest average polarization resistance value of 7.03 MΩ. 20 PCF specimens had a higher average 

Rp values compared to the 40 PCF specimens.  The average corrosion rate of implants inserted in 

20 PCF blocks was higher than those inserted in 40 PCF blocks, and control samples. Control 

displayed the lowest average corrosion rate. In summary, all three groups of dental implants 

exhibited similar corrosion characteristics, while DI inserted into 40 PCF blocks tended to have 

marginally better corrosion resistance, as displayed by the Ecorr and relative corrosion rates 

between groups.  

 

Figure 5.3. Corrosion testing results from control specimens (n = 3), and implants inserted into 
20 PCF (n = 3) and 40 PCF blocks (n = 3). 
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5.5 Discussion 

More than 50% of dental implant failures have been reported to be early stage, caused by 

a lack of osseointegration.52 Bone quality, along with surgical trauma, premature loading, and 

bacterial infection have been considered as major factors that can result in premature implant 

loss.85 In particular, bone quality have been mentioned to play a major role in the primary stability 

of the implant.163 Bone quality is nothing but the bone density (or) bone volume provided for an 

implant placement. Bone density varies even within maxilla and mandible.146,173 This property 

have been known to affect the insertion torque associated with the surgical placement of dental 

implants.40  Based on bone density, different bone types have been classified.161 Previous research 

have established that insertion torque increases with increasing bone density.162  

The process of mechanical placement of dental implants have been reported to result in 

shear stress related detachment of Ti particles.148 Wear debris has been shown to be released from 

most of commercially used implant surfaces such as smooth turned148,174, grit blasted/acid 

etched148, plasma sprayed45,137,148,175, and anodized46,176. However, most of the studies refer to the 

fact that rougher surfaces have higher tendency to release surface particles.46,47,176 Studies from 

Schliephake et al174., and Weingart156 et al., were focused on the dissemination of metallic wear to 

other body organs. It has been mentioned that the concentration of the particulates would be more 

in the peri-prosthetic region during the immediate post-insertion stage, while it tends to 

disseminate to other body organs over time. Later studies from Frisken et al., demonstrated that 

insertion would not result in particle generation, stating that successful implants are safe, and 

would not undergo surface damage due to insertion.47 In the same study, 2/12 implants failed, and 

elevated concentration of Ti were observed in the lymph node region, thus it was hypothesized 
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that sensitivity to Ti resulted in both particle release and failure.47 While most of  in vivo studies 

were of the notion that plasma sprayed, and rougher surfaces could increase particle generation 

during insertion of dental implants45,137,148,156,175, Wennerberg et al., observed that there was no 

significant change in particle release with respect to surface treatments.177   Recent in vitro studies 

from Senna et al., and Pettersson et al., have quantified that the insertion procedure could result in 

0.5 mg to 2.8µg of Ti particle release.46,176 Most of these studies predominantly supported particle 

release in the peri-implant tissues as a result of surgical placement of dental implants. However, a 

contradicting view was presented in an in vitro insertion study, in which dental implants were 

inserted in sawbone polyurethane blocks of increasing density (10, 20, 30, and 40 PCF).178 In that 

study, post-insertion and removal of implants, the peri-implant block materials were characterized 

with powder x-ray diffraction (XRD).178 XRD revealed that the insertion procedure did not result 

in premature surface exfoliation irrespective of the bone simulating material density.178    

Peri-prosthetic accumulation of wear debris has been suggested to affect hard- and soft- 

tissue integration with the implant material.38 Metallic particulates have been considered as one of 

the multiple factors involved in the loss of balance between bone formation and resorption.179 

Modeling and remodeling balance is more critical in the early stages of osseointegration because 

it is the time period when bone is in highly dynamic modeling phase.148 More recently, it has been 

assumed that particles release during insertion could lead to accumulation of wear debris in the 

peri-implant that could trigger an un-favorable host response resulting in late stage peri-implant 

bone destruction.180 In an event to bridge this gap, few investigations studied, and reported that 0.3 

mg to 5 mg of loose Ti particles can induce osteolytic activity at 7 to 10 days.157,158 Although, after 

16 weeks the peri-implant bone did not show any signs of bone resorption, and a few reminiscent 
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particles were witnessed.181 The general trend that could be deducted from these previous insertion 

studies was that the release of wear debris immediately post-insertion was not followed by 

subsequent dissemination of particulates in the peri-implant tissues.45,47,156 It is well known that 

one of the characteristics of cpTi is that wear could be overcome by repassivation (or) reformation 

of the surface TiO2 layer under favorable physiological conditions with sufficient availability of 

oxygen.17 When an oral implant is placed, chemistry, physical state, and electrochemical potential 

of the material determine the severity of chronic inflammatory response.182 While past research 

have shed some light regarding the chemistry and physical state, there has not been any study 

which tried to understand electrochemical potential of the device following surgical placement.   

Therefore, the main goal of this study was to understand the surface corrosion resistance 

of dental implants immediately post-insertion in different densities of bone-simulating material. 

The study premise was based on the hypothesis that the insertion process would damage the 

surface, which would in turn affect the corrosion resistance of the implant material. The results of 

this study demonstrated that the insertion procedure performed on soft and hard tissue-simulated 

bone materials did not cause any significant change in the corrosion (or) electrochemical properties 

of the implant surface, which disproves the initial hypothesis. In all electrochemical tests 

performed, results exhibited no statistical differences between specimen groups. All groups 

exhibited positive Ecorr values (Figure 5.3A), which indicated a thermodynamically stable oxide 

layer on the implant surface. As these values become more positive, the oxide layer thickness tends 

to increase, facilitating overall corrosion resistance.  Dental implants post-insertion in 20 PCF 

blocks showed lower average Ecorr values compared to control and 40 PCF samples. While 

specimens inserted in 40 PCF blocks had the highest average Ecorr. Even though there was no 
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significant difference between the groups investigated, an increasing trend could be observed with 

Ecorr values with increasing density of blocks in which they were inserted. An inverse trend 

consistent with the Ecorr results could be observed in the corrosion rate (Figure 5.3C) of the 

implants. Average corrosion rate of control implants < implants inserted in 40 PCF blocks < 

implants inserted in 20 PCF blocks. This could be attributed to the soft, porous and loosely packed 

nature of 20 PCF blocks which would have resulted in an increased exposure of the surface to the 

electrolyte. Whereas insertion in higher dense 40 PCF blocks could have resulted in wedging of 

the sawbone materials onto the surface decreasing the exposure, and resulting in better corrosion 

resistance compared to the other groups. The surface integrity displayed by implants in this work 

after being subjected to insertion corroborated the results of a previous study178, which stated that 

insertion procedure will not inflict damage to the surface (or) to the integrity of the TiO2 layer. It 

is important to note that in the previous study, implantation of dental implants in 40 PCF blocks 

required insertion forces of more than 60 N.cm.178 Most importantly, it was observed that even the 

torsional forces, which were higher than manufacturer recommended values, did not result in 

surface exfoliation.178  This is contradictory to the previous literature data, which have reported 

that wear is expected due to the surgical placement of dental implants. It should be taken into 

consideration that most of the in vivo studies were performed during 1993–2006, when most of the 

particle release observations were reported for titanium plasma sprayed (TPS) implants.45,137,148,156 

On the other hand, particle release was not witnessed when implant surfaces other than TPS 

implants were involved in another study.47 TPS surface treatment has not been predominantly 

employed more recently. However, more attention need to be given to two recent in vitro studies, 

which have quantified the amount of metallic debris present in peri-implant tissues post-
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insertion.46,176 One of the studies used cow ribs while the other employed pig mandibles. The 

quantification technique should also be reviewed. Senna et al., used a volume reduction technique 

with respect to the change in surface roughness post-insertion, and mathematically quantified Ti 

release.46 Pettersson et al., utilized atomic emission spectroscopy (AES) to quantify, and claimed 

that this technique provided more accurate calculation of Ti release than the quantification used in 

Senna et.al.176 The one last factor is the surface treatment employed on these dental implant 

materials. In this study, SLA surface modified implants were subjected to insertion and 

electrochemical characterization, while AES quantification were performed on peri-implant bone 

regions, which contacted anodized implants.176 The major advantage of this study is the 

development of in vitro protocol based on ASTM standardized bone substitutes, which could more 

correlated with maxilla/mandible bone density.161,183 Furthermore, this protocol may increase the 

reliability, accuracy, and consistency of results in future experiments. One limitation of this study 

was that only SLA surface implants were tested. Future studies on other commercially available 

surface modifications and materials would widen the knowledge on the effect of surgical insertion.       

 

5.6 Conclusion 

In this study, an in vitro methodology was developed to understand the status of the oxide 

layer and corrosion kinetics of dental implants immediately post-surgical insertion procedure.  

Earlier studies have reported the possibility of surface damage due to surgical insertion leading to 

metallic particle dissolution in the peri-implant tissue. However, this study reiterated the 

contradictory view established in a previous in vitro study that the dental implant surface remains 
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intact after the insertion procedure. This research further concluded that there was no negative 

effect on the oxide layer and the resulting corrosion kinetics.  
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CHAPTER 6 

MULTIFACETED ROLES OF ENVIRONMENTAL FACTORS TOWARD DENTAL 

IMPLANT PERFORMANCE: OBSERVATIONS FROM CLINICAL RETRIEVALS 

AND IN VITRO TESTING  

6.1 Abstract 

Oral bacteria and periodontal pathogen have been predominantly linked with early- and 

late- stage failures of titanium (Ti) dental implants (DI) respectively. This study is based on the 

hypothesis that bacterial colonization can damage the surface oxide (TiO2) layer. Early-failed DI 

were compared with DI post-in vitro immersion in early colonizing oral bacteria; late failed DI 

were weighed against DI immersed in late colonizing anaerobic pathogens. Retrieval analysis: 

Seven early-stage failed implants with five of them connected to healing abutments (HAs), and ten 

late-stage failed retrievals were subjected to surface analysis. Bacteria immersion test: Three dental 

implants each were immersed in polycultures containing (i) early colonizers (Streptococcus 

mutans, S. salivarius, S. sanguinis) (ii) late colonizers (Porphyromonas gingivalis, Aggregatibacter 

actinomycetemcomitans). The implants were immersed for 30 days to simulate implant healing 

period and bacterial biofilm adhesion. Optical microscopy, x-ray photoelectron spectroscopy 

(XPS), and electrochemical tests were performed to analyze surface-morphology, chemistry, and 

potential respectively. Early colonizers inflicted surface morphological damage (discoloration and 

pitting). Even though, XPS detected thinner oxide layer in 2/3 early retrievals, XPS and 

electrochemical tests illustrated that the TiO2 layer was intact in HAs, and in DI post- immersion. 

Late colonizers also caused similar morphological damage (discoloration and pitting), while 
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mechanical wear was evident with scratches, cracks, and mechanical fracture observed in late-stage 

retrievals. XPS indicated thinner oxide layer in late- retrievals (3/4), and in DI post-immersion in 

late colonizers. This was reflected in electrochemical test results post-immersion but not in the late- 

retrievals which suggested an intact surface with corrosion resistance.  This study concluded that 

bacteria could negatively affect DI surface with late colonizers demonstrating more pronounced 

damage on the surface morphology and chemistry.   

 

6.2 Introduction 

Commercially pure (cp) titanium (Ti) is currently the material of choice for dental implant 

applications due to its biocompatibility, mechanical properties, and excellent corrosion 

resistance.80,169 Titanium oxidation constitutes the principal reason of its excellent 

biocompatibility. Earlier in vitro studies have suggested that Ti oxide (TiO2) can pacify tissue-

destroying agents immediately after surgical trauma inherent to implantation by reducing free 

radical production.184,185 The original theory of osseointegration rested on the passivation of 

implant titanium surface.186 The implant/tissue integration dictated the anchorage of this device 

leading to successful biomechanical functioning, and this has been the vital factor for the success 

of this device as a predictable treatment.1   

A failure rate of 1.9% - 11% has been reported for dental implants.83,85,166 Failed dental 

implants present a significant clinical, psychosocial and financial challenge.187 Loss of implants 

has been categorized into early- and late-stage failures. The former is implant failure that occurs 

during initial healing, while the latter failure occurs after osseointegration, both of which have 

been extensively reviewed.38 Early implant loss ranges between 0.76% - 7.47%, whereas late 



 

71 

implant loss is reported between 2.1% - 11.3%.188 Even though multiple biological and implant-

related factors have been discussed in the literature, bacteria have been primarily associated with 

both early and late complications.  

Bacterial adhesion on the implant surface is the initial step in implant infection.89 Zhao et. 

al and other researchers have described the race for the surface between oral bacteria and human 

gingival fibroblasts, which determines the efficiency of sealing of the soft tissue.2 Early attachment 

of Streptococcus and Actinomyces facilitates late colonization by Aggregatibacter 

actinomycetemcomitans, Porphyromonas gingivalis and Fusobacterium nucleatum, which causes 

peri-implantitis and periodontitis.89 Peri-implantitis is a clinical condition resulting in progressive 

loss of peri-implant bone, which will eventually lead to implant loss.151 Currently, systematic 

removal of bacteria biofilm and released toxins from the surface through surgical and non-surgical 

techniques have been employed to prevent failure due to peri-implant disease.83 Rising prevalence 

of this disease has been estimated to affect 1.2 million implants, which may require therapy.189 

In addition, adhesion/attachment of bacteria on an implant surface can create an acidic 

electrochemical condition.29,35,48 Under normal aerated conditions, the TiO2 layer acts as a kinetic 

barrier, and provides corrosion resistance.80 However, it is not totally resistant to degradation. A 

combination of severe acidic condition and excessive mechanical stresses can permanently damage 

the passive layer leading to dissolution of metallic debris to the surrounding tissue.18,35 Previous 

clinical retrieval studies have witnessed Ti and other elements released from Ti implants in peri-

implant tissues.31,37 In vitro immersion studies in monoculture bacteria, have revealed that both 

early and late colonizing bacteria can generate harsh electrochemical conditions and impose 

breakdown of the oxide layer.170 Analysis of failed retrieved dental implants suggested that the 
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combinatorial role of acidic electrochemical and mechanical factors within the oral environment 

can result in the permanent breakdown of passivity leading to the release of metallic particles in 

vivo.35  

In this study, a novel in vitro bacteria immersion test was developed to understand: (i) the 

long-term effect of bacteria polyculture on the surface of dental implants, (ii) the electrochemical 

condition provided to the implants by early and late colonizers, (iii) the difference between the 

effect of early versus late colonizers on the surface of dental implants, (iv) the correlation of 

surface features among clinically failed retrievals, and dental implants immersed in in vitro 

bacteria polyculture.  The primary aim of this work is to understand the role of bacteria on the 

surface of titanium dental implants. To understand the effect of early colonizers, early-stage failed 

dental implants and healing abutments were evaluated and compared to implants exposed to a 

polyculture of Streptococcus species. Late-stage failed dental implants were compared with 

implants immersed in a microbial culture consisting of P. gingivalis and A. 

actinomycetemcomitans to evaluate the effect of late colonizers. In-depth surface characterization 

was carried out using optical microscopy, x-ray photoelectron spectroscopy (XPS), and 

electrochemical tests on implant retrievals and implants obtained from in vitro immersion test to 

understand surface- morphology, chemistry, and electrochemical behavior. 

  

6.3 Materials and Methods 

6.3.1 Materials 

A pool of seventeen dental implants were analyzed from clinical retrievals. Consisting of 
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eight early- and ten late-stage failed implants, these retrievals were compared with a freshly 

packaged, un-used, sand blasted, large grit, and acid etched (SLA) dental implant control 

(Straumann LLC., Andover, MA). Five of the eight early-stage failed implants were connected to 

healing abutments (HAs), which were compared to their unused controls from respective HA 

brands. Retrieved implants and healing abutments were received from a private periodontal 

practice (Dallas, TX), with each patients’ consent according to the guidelines of the Helsinki 

Declaration. Upon retrieval and storage, there were no identifiers that could be linked to the patient 

who donated the implant/abutment. General information on early- and late-failed dental implants 

is provided in Table 6.1 and Table 6.2, respectively. Information such as dimension, surface 

treatment, and length of implantation, and reason for failure (only for late failures) are also 

included.  

Ten (Straumann USA LLC, Andover, MA) sand blasted, large grit, acid etched dental 

implants (4.1x10mm) were used for the in vitro immersion study. Out of the ten, three dental 

implants per group were immersed in two different in vitro polycultures containing 105-107 

CFU/mL of: (i) early colonizers (S. sanguinis, S. salivarius and S. mutans); (ii) late colonizers (P. 

gingivalis and A. actinomycetemcomitans). In addition, an implant was immersed in A. 

actinomycetemcomitans monoculture, which was included in the late colonizers group. An implant 

each was used as a negative control (NC) for each of the two groups of microbial cultures. A single 

implant specimen was immersed in lactic acid (PC) to serve as a positive control for the early 

colonizers group.   
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Table 6.1. List of early failed dental implants. 

Specimen  Design 
(HAs) 

Design 
(Implant) 

Dimension 
(mm) (HA) 

Dimension 
(mm) (I) 

Surface 
treatment 

Period of 
implantatio
n 

Implant A (I-A)  RC Conic  RC BL 6.5 x 6 4.8 x 8 SLA  3-6 months 

Implant B (I-B) RC Conic  RC BL 6 x 4 4.1 x 10 SLA 3-6 months 

Implant C (I-C) NC 
Conic  

 NC BL 3.6 x 5 3.2 x 12 SLA 3-6 months 

Implant D (I-D)   RC BL  4.1 x 10 SLA 3-6 months 

Implant E (I-E)   RC BL  4.1 x 8 SLA 3-6 months 

Implant F (I-F) RC Conic  RC BL 6 x 4 4.1 x 10 SLA 3-6 months 

Implant G (I-G) RC Conic   RC BL 6 x 4 4.8 x 8 SLA 3-6 months 

 

Table 6.2. List of late failed dental implants. 

Specimen Brand Dimension 
(mm) 

Surface 
treatment 

Period of 
implantation 

Reason for 
failure 

Implant 1 (I-1) RN SP 6 x 4.1 SLActive 4 years Biological  
Implant 2 (I-2) RC BL 10 x 4.8 SLA  6 years Mechanical  
Implant 3 (I-3) RC BL 6 x 4.8 SLActive 6 years Biological  
Implant 4 (I-4) WN 10 x 4.8 SLActive 7 years  Mechanical  
Implant 5 (I-5) SP 10 x 4.1 SLActive 17 years Biological 
Implant 6 (I-6) WN 12 x 4.8 SLActive 8 years  Biological 
Implant 7 (I-7) TL 6 x 4.8 SLActive 6 years Biological 
Implant 8 (I-8) RN 4.1 x 10 SLA 5 Years Biological 
Implant 9 (I-9) RN 16 x 4.1 SLActive 8 years  Biological 
Implant 10 (I-10) RN 10 x 4.8 SLActive 8 years Mechanical  

RC = Regular Connection; NC = Narrow Connection; RN = Regular Neck; SP = Standard Plus; 
BL = Bone Level; WN = Wide Necked; TL = Tissue Level. 
 

6.3.2 Methods 

Clinical retrieval analysis of dental implant and abutments 

A visual inspection was initially performed to detect particular areas of interest and gross 

morphological features, and to verify the severity of corrosion present (discoloration, cracking and 
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debris). Specimens were then analyzed with a digital optical microscope (OM) to identify surface 

features and failure mechanisms. After OM, all specimens were subjected to a cleaning protocol 

for complete removal of biological deposits that could have covered important surface features. 

They were first cleaned in acetone, followed by cleaning in deionized water and finally 70% 

ethanol. For this protocol, specimens were fully immersed in each of the solutions and subjected 

to sonication for 1 hour. Microscopy was repeated, and areas of interest of selected implants (3 

early- and 4 late-failed implants) were further analyzed with X-ray photoelectron spectroscopy 

(XPS) to evaluate the elemental composition and the nature of chemical interactions on the surface. 

Four early- and six late-stage failed implants were subjected to electrochemical corrosion testing 

to understand the status of the TiO2 layer, and the resulting corrosion resistance.  

 

In vitro immersion testing of dental implants 

ROUTINE CULTURE OF BACTERIA  

Early colonizers: Early colonizing bacterial strains (Streptococcus mutans, S. sanguinis, S. 

salivarius) were cultured on brain heart infusion (BHI) agar plates (BD, Franklin Lakes, NJ, USA). 

Plates were incubated at 37oC in a gas chamber with 5% CO2 (BD GasPak). Broth cultures were 

incubated at 37oC under aerobic conditions. Bacterial growth was routinely monitored by optical 

density at 600 nm (OD600) using a spectrophotometer (GENESYS 20, Thermo Scientific, 

Waltham, MA).  

Late colonizers: A. actinomycetemcomitans is a facultative anaerobe, therefore it was 

cultured using the procedure employed for early colonizers, except that broth cultures were 

incubated with 5% CO2. P. gingivalis is an obligate anaerobe, and therefore requires a strict 
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anaerobic condition. The anaerobic condition was created with the help of a gassing station 

(Figure 6.1). The gassing station had a gas flow system connected to a compressed carbon dioxide 

(CO2)/nitrogen (N2) gas cylinder and a vacuum pump. This flow system had ten different outlets 

with each outlet consisting of individual tubing, filters, and needles. These outlets could be 

connected to ten different anaerobic serum test tubes simultaneously.  

 

Figure 6.1. Gassing station with anaerobic test tubes connected to the outlet channels. 

 

A pre-prepared BHI broth supplemented with hemin proteins, and vitamin K (Fisher 

scientific, Hampton, NH) was used as a growth medium for late colonizers polyculture. To prepare 

anaerobic media, an aliquot of supplemented BHI broth was transferred to an anaerobic test tube. 

Then, the test tube was sealed with a rubber stopper and secured with a crimped aluminum metal 

cap. The test tube containing supplemented BHI broth was autoclaved. Immediately after 
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autoclaving, the test tube was connected to the gassing station by piercing the needle through the 

rubber stopper. Any aeration (or) oxygen present in the anaerobic tube was removed by boiling 

the medium under vacuum. After this, CO2/N2 gas was infused to establish an anaerobic 

atmosphere in the test tube. To maintain this atmosphere, any subsequent fluid transfers into and 

from the anaerobic test tube were performed by piercing the rubber stopper using a 5 mL syringe 

and 22 G needle.  

To culture P. gingivalis, 1 mL of supplemented BHI was aliquoted from the anaerobic test 

tube into a microcentrifuge tube. Frozen stock of P. gingivalis was directly inoculated into the 

supplemented BHI. This inoculated medium was then transferred into the test tube, which was 

again connected to the gassing station to re-establish the anaerobic atmosphere. OD600 confirmed 

growth after overnight incubation at 37oC. 

 

IMMERSION TEST  

Early colonizers: Implants were cleaned and sterilized by a sequence of ultrasonication. 

They were sonicated for an hour (i) immersed in 70% ethanol and (ii) immersed in deionized (DI) 

water. Prior to immersion testing, the implants were immersed in ethanol and flame sterilized. 

After flame sterilization, one implant was immersed in a test tube containing 5 mL of un-

inoculated BHI broth medium, which served as a negative control (NC). Another implant was 

immersed in 5 mL of lactic acid (pH = 5), and was the positive control (PC). Three implants (EC1, 

EC2, EC3) were immersed in three separate test tubes with 5 mL each of inoculated media 

containing the 105 – 107 CFU/mL polymicrobial cultures (early colonizers). Implants remained 

immersed for a period of 30 days at 37o C. This time period served as a simulation for the initial 
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healing period66. It has been mentioned that it requires 2-4 weeks for a plaque to mature into a 

biofilm190. Hence, this timeline gave ample time period for bacteria to adhere to the surface of the 

implants and form a biofilm. While the implants were immersed during the test, the following 

procedures were performed once every two days for the entire immersion period of 30 days. 2 mL 

of the immersion media was aliquoted and used to perform optical density (OD600) and pH 

measurements. OD600 was measured to check the concentration of bacterial cells, and to ensure 

that the un-inoculated control medium was not contaminated. pH observations provided the 

acidity/basicity of the immersion media. 2mL of fresh BHI broth was introduced into all test tubes 

to provide fresh nutrients for bacterial growth, and to maintain a constant volume of immersion 

media. 

Late colonizers: A packaged dental implant (Aa) was immersed in a test tube containing 5 

mL of 105 to 107 CFU/mL of A. actinomycetemcomitans monoculture grown in BHI. This test tube 

was incubated in microaerophilic condition (5% CO2) at 37o C for 30 days. pH and OD600 values 

were observed during this immersion period once every two days with the same procedure 

followed for implants immersed in early colonizers. A freshly packaged implant was taken out, 

and immersed into an anaerobic test tube containing 5 mL of supplemented BHI medium, which 

served as a negative control (NC). Three freshly packaged implants (AaPg1, AaPg2, AaPg3) were 

immersed in 3 mL of supplemented BHI in three separate anaerobic test tubes. The tubes were 

then autoclaved to sterilize the immersion media. After sterilization, the anaerobic condition was 

established using the gassing station procedure described above. 1 mL each of 106 – 108 CFU/mL 

of A. actinomycetemcomitans and P. gingivalis were inoculated into all three of the 3 mL anaerobic 

test tubes. After inoculation, steps to re-establish anaerobic condition were performed in the three 
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test tubes. The tubes were incubated for 30 days at 37o C. During this time period, OD600 and pH 

of the immersion media were measured from 2 mL of aliquoted samples once every three days. At 

the same time, 2 mL of fresh supplemented BHI medium was provided into all four test tubes to 

replenish the bacteria and to keep the immersion media volume constant.  

 

Surface analysis of implants 

In this study, surface analyses were organized in two groups to understand the effect of 

early colonizing and late colonizing bacteria on implants surfaces. Group 1: To evaluate the effect 

of early colonizers, implants subjected to in vitro immersion in early colonizers, and early-stage 

failed retrievals were grouped together. Group 2: Implants obtained from in vitro immersion in 

late colonizers, and late-stage failed retrievals were grouped to assess the effect of late colonizers. 

Optical microscopy, x-ray photoelectron spectroscopy (XPS), and electrochemical tests were 

performed to analyze surface- morphology, chemistry, and potential, respectively, of the implants. 

 

OPTICAL M ICROSCOPY  

Optical microscopy served as a tool to make a general visual inspection and then perform 

a detailed evaluation of surface morphology. The microscope (Keyence VHX – 2000) was 

equipped with low (5-50x) and high magnification (100-1000x) lens. The low magnification lens 

helped in making the preliminary surface assessment and in obtaining a whole view of the entire 

implant structure. Morphological surface analyses were performed using the high magnification 

lens. This microscope can acquire 3D features using a “depth up” processing technique which is 

similar to z-stacking. The 3D images were further post-processed to explain the height profile of 
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the surface with a colored map. The mapping or depth/height profile of the surface provided 

valuable qualitative information about surface features such as pitting, delamination and 

deformation characteristic of damaged surfaces. In this study, all implant specimens were 

subjected to microscopic analysis. 

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)   

Areas of interest observed under optical microscope were further characterized with XPS 

to evaluate the elemental composition and the nature of chemical interactions on the surface. The 

selected implants from group 1 and group 2 subjected to XPS were: 

Group 1: Control, I-A with RC HA, I-B with RC HA, I-C with NC HA from clinical 

retrievals, and NC, PC, EC1, EC3 from in vitro early colonizer immersion test.   

Group 2: Control, I-1, I-2, I-3, I-4 from clinical retrievals, and NC, Aa, AaPg2, and AaPg3 

from in vitro late colonizer immersion test. 

Experiments were performed with a PHI 5000 Versa Probe II X-ray Photoelectron 

Spectrometer. Measurements were taken at an angle of 45° in relation to the sample surface. Areas 

scanned in each analysis had dimensions of approximately 200 µm2. A monochromatic Al Ka 

source of 1486.6 eV was used. Two different scanning patterns were employed. They were (i) wide 

spectrum (or) survey scan, and (ii) narrow spectrum (or) high resolution (or) elemental scan. The 

survey spectra were acquired using 187.850 pass energy and 0.8 eV step size, which provided a 

general overview of elements present on the surface. The high-resolution scans were obtained 

using 23.5 eV pass energy and 0.200 eV step size. These scans were more specific to the elements 

of choice. In this study, since dental implant specimens are made of cpTi, the choice of elements 

for high-resolution scans were titanium (Ti), oxygen (O), and carbon (C).  
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The above mentioned two types of scans were performed on specimens “as received”. This 

scanning was again repeated “after sputtering” the region of interest for 2 minutes using an argon 

source (1 kV). The sputtering technique was performed to remove surface contaminants, and most 

importantly to investigate surface depth profile. It is known that bulk titanium (Ti) is covered by a 

spontaneously formed titanium oxide (TiO2) layer. The sputtering technique can remove the 

overlying oxide layer, and expose the bulk titanium, which is governed by the thickness of the 

TiO2 layer. This difference between TiO2 and bulk Ti can be identified in a high-resolution 

spectrum of Ti with different characteristic peaks at specific binding energies.  

A typical XPS spectrum is a plot of X-ray intensity versus binding energy (BE). Before a 

more detailed discussion of XPS data, some general information is provided regarding the XPS 

profiles of oxygen (O1s) and titanium (Ti2p), which are the main elements investigated in this 

study. The XPS spectrum of oxygen consists of a singlet peak and its BE varies according to the 

chemical environment in which oxygen molecules are located. For example, it is already 

established that when bound to titanium in the oxide layer (TiO2), the BE of oxygen is around 

529.70 ± 0.10 eV 48. However, this BE can be shifted to higher values (530.99 ± 0.15 eV) when 

oxygen is in its hydroxyl form (OH), which can occur when either linked to Ti or bound in water.191 

The titanium spectrum is characterized by doublet peaks of Ti2p, which are denominated XPS can 

detect four distinct electronic states of Ti2p (Ti2p3/2) with BE values of 453.74 ± 0.32 eV (Ti0, 

metallic state), 455.34 ± 0.39 eV (TiO, Ti2+), 457.13 ± 0.35 eV (Ti3+, Ti2O3) and 458.66 ± 0.22 eV 

(Ti4+, TiO2)191. These different values of BE for both oxygen and titanium are important for 

probing the chemical environment in which these elements are located as well as their oxidation 

states.  
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ELECTROCHEMICAL TEST  

Electrochemical corrosion tests of the implants were performed using a three electrode 

system potentiostat setup (Interface 1000, Gamry Instruments) in order to understand the surface 

potential and corrosion kinetics. Corrosion tests modified from ASTM F-2129 were employed on 

chosen implants from both groups. 

Group 1: Control, I-D, I-E, I-F, I-F RC HA, I-G RC HA from clinical retrievals, and NC, 

PC, EC1, EC2, EC3 from in vitro early colonizer immersion test.   

Group 2: Control, I-5, I-6, I-7, I-8, I-9, I-10, I-11, I-12 from clinical retrievals, and NC Aa, 

AaPg1, AaPg2, AaPg3 from in vitro late colonizer immersion test. 

Specimens were mounted with alligator clips. This contacting region was electrically 

insulated from exposure to the electrolyte using electrical tape and subsequently applying 

commercial insulating lacquer (Miccrostop, Tolber Chemical Division). An implant body of a 

specific area was immersed in 1X phosphate buffered saline (PBS) maintained at 25°C, which 

served as a working electrode. A standard three-electrode electrochemical cell was assembled with 

a graphite rod as the counter electrode and saturated calomel electrode as the reference electrode. 

For each specimen, the open-circuit potential was first monitored for 1 h, and the last value 

measured was recorded as the corrosion potential (Ecorr). Next, each specimen was polarized from 

-10 to +10 mV vs. Ecorr at rate of 0.1667 mV/s and plotted against the resulting current on linear 

axes, and the slope of best-fit line through this curve was recorded as the polarization resistance 

(Rp). Afterward, each specimen was subjected to polarization linearly sweeping from 0 to 250 mV 

vs. Ecorr at a scan rate of 1 mV/s. Semi-logarithmic plots of the applied potential vs. logarithmic 

current exhibited linear behavior in the active region of curve, which when extrapolated to Ecorr 
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yielded the corrosion current, Icorr. Based on Icorr, the resulting corrosion rate (CR) was 

calculated using equations derived in ASTM G102-89. 

 

6.4 Results 

6.4.1 Optical microscopy 

Surface features of clinical retrievals and in vitro immersed implants were first evaluated 

with optical microscopy. Morphological features such as discoloration, scratches, rusting, pitting, 

mechanical fracture, and surface etching were revealed.  

Control 

Figure 6.2 comprises of images of the surface of a dental implant that was taken out from 

a fresh packaging. The whole implant is shown in Figure 6.2A. A pristine, deformation free rough-

smooth collar junction surface (Figure 6.2B) can be observed. Figure 6.2C shows a colored map 

of the rough surface of the implant. The color pattern is based on the depth of the surface. As 

marked in the legend, the variation from dark blue to dark red represents the height variation from 

0 to 24.87 µm, respectively. In general, a fresh/pristine surface will have a uniform color 

distribution without intermittent peaks and valleys. Figure 6.2D – 6.2F displays the surface of a 

fresh un-used control healing abutment. Healing abutments are good models to understand the 

effect of early colonizers as they are temporary structures connected to dental implants during the 

healing period. After 3-6 months (or) after achieving satisfactory osseointegration they are 

removed so that the abutment and crown can be attached. Note that the purple color is due to an 

anodization surface treatment typically performed with these components.   
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Figure 6.2(A-F). Control dental implant (A-C): (A) Whole view of the implant; (B) Deformation 
free rough-smooth collar junction surface; (C) 3D map of the rough surface. Control healing 
abutment (D-F): (D) Whole view of the abutment; (E) Pristine abutment surface; (F) 3D map of 
the surface. 
 

 

Effect of early colonizers. 

Post-immersion, the positive control (PC) immersed in lactic acid solution (pH = 5) showed 

very mild surface etching without any other signs of deformation of the surface. The implant 

immersed in un-inoculated BHI medium (NC, pH = 7) resembled the control (Figure 6.2) with a 

pristine, deformation-free surface.  

Two (EC1 and EC3) of the three implants obtained post-immersion in the polyculture 

media showed characteristic purple-yellow discoloration, which was more intense in the implant 
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EC3 (Figure 6.3A). This feature was prominent in the rough-smooth collar junction as witnessed 

in Figure 6.3B. Even though not well pronounced, the rough surface in EC3 displayed non-

uniformity in the 3D map (Figure 6.3C) of the rough surface in the form of peaks (blue arrows) 

and valleys (black arrows). 

Optical microscopy analysis of eight early-stage failed dental implants displayed purple-

yellow discoloration, such as the features shown in Figure 6.3E, in seven out of the eight retrievals. 

This surface discoloration feature was the same as the one observed on the implants immersed in 

vitro in early colonizer cultures (Figures 6.3A and 6.3B). Peaks and valleys were appreciated on 

the surface of three retrievals. Figure 6.3F shows a 3D map with peaks and valleys feature 

distributed on the surface of Implant D. The peaks were marked with blue arrows, whereas the 

valleys were indicated with black arrows. The deepest pit had a depth of 30 µm. There was no 

pitting witnessed on the surface of healing abutment (I-A RC HA) (Figure 6.3G). Figure 3D shows 

the whole view of an early stage retrieval (I-A) connected to its healing abutment (I-A RC HA).   

 

Effect of late colonizers 

Three test implants were immersed in a polyculture of late colonizers, whereas one implant 

was immersed in an un-inoculated growth medium (negative control). All implants were immersed 

in their respective medium for 30 days. Post-immersion, the negative control did not show any 

change in surface morphology. Discoloration feature was observed in the bottom part of the rough 

surface of the implant AaPg2 (Figure 6.4A and 6.4B), and in the smooth surface of the implant 

AaPg3. There were no prominent peaks and valley except for a spot identified in the rough surface 

of AaPg2 (Figure 6.4C). 
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Figure 6.3(A-G). Dental implant (EC3) immersed in in vitro polyculture of early colonizers (A-
C): (A) Whole view of EC3; (B) Purple-yellow discoloration on the rough-smooth collar junction 
surface; (C) 3D map of the rough surface with peaks (blue arrows) and valleys (black arrows). 
Early stage failed dental implants (D-G): (D) Whole view of Implant A connected to a RC healing 
abutment (I-A RC HA); (E) Purple-yellow discoloration on the rough surface of implant G; (F) 
3D map of the surface displaying pitting in the form of peaks (blue arrows) and valleys (black 
arrows); (G) Pristine surface of retrieved healing abutment (I-A RC HA). 
 

 

Twelve late stage retrievals were analyzed in this study. Most of the implants were 

connected to the crown as shown in the example of Figure 6.4D, which shows the whole view of 

Implant 3. Again, surface discoloration was the common feature observed in eleven out of the 

twelve retrievals. This feature was found in different regions of the implants such as smooth collar, 

rough surface, and in the rough-smooth collar junction. Figure 6.4E displays this morphological 

change, which is shown for Implant 5.  Peaks and valleys were noted in three implants. 3D map of 

Implant 4 (Figure 6.4F) illustrated well-defined pits (black arrows) contoured by peaks (blue 
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arrows). Mechanical scratches were appreciated in the smooth surface of most of the implants. 

Multiple scratch lines were seen on the collar region of Implant 2 as shown in Figure 6.4G. 

 

Figure 6.4(A-G). Dental implant (AaPg2) immersed in in vitro polyculture of late colonizers (A-
C): (A) Whole view AaPg2; (B) Characteristic discoloration on the rough surface; (C) 3D map of 
the rough surface with peaks (blue arrows) and valleys (black arrows). Late stage failed dental 
implants (D-G): (D) Whole view of Implant 3; (E) Discoloration on the rough surface of Implant 
5; (F) 3D map showing pits in the form of peaks (blue arrows) and valleys (black arrows); (G) 
Scratches observed on the smooth surface of I-2. 
 

 

6.4.2 X-ray photoelectron spectroscopy 

Effect of early colonizers 

Optical microscopy revealed characteristic discoloration on implants EC1 and EC3, which 

were immersed in early colonizers polyculture for 30 days. In the XPS analysis, EC1 and EC3 

were compared against the surfaces of implants immersed in negative control (NC), which was the 

un-inoculated BHI broth and positive control (PC) lactic acid solution. The most common elements 
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found on the surface across all the implants were carbon (C), oxygen (O), nitrogen (N), and 

titanium (Ti). The XPS spectra (Figure 6.5A) shows the Ti2p spectra obtained from the high-

resolution scans. Symmetric Ti4+ characteristic of the stable native TiO2 layer was observed in all 

the specimen surfaces “as received”. The spectra (Figure 6.5D) “after sputtering” was the same 

without any change in symmetry of the Ti 2p3/2 curve as observed in the “as received” state.  

Discoloration, pitting and scratches were some common features identified on the surface 

of early-stage failed dental implants received. All the implants surfaces showed either of the 

deformation features except for Implant E. Implant A (I-A), implant B (I-B), and implant C (I-C) 

were selected for XPS analysis. “As received” spectra (Figure 6.5B) showed Ti4+ peak at 458.6 

eV for control and I-A. Ti could not be detected in I-B and I-C. Other oxidation states of Ti such 

as Ti3+ (Ti2O3), Ti2+ (TiO), and metallic titanium (Ti0) could be identified in I-A and I-B “after 

sputtering” (Figure 6.5E) at 457.13 eV, 455.34 eV, and 453.74 eV, respectively. The control did 

not show any other oxidation states other than the native TiO2 at 458.6 eV. Ti could not be detected 

in I-C after sputtering. 

Healing abutments I-A RC HA, I-B RC HA, and I-C HA were received connected to the 

retrievals I-A, I-B, and I-C. Optical microscopy could not identify any discoloration or any other 

surface deformation except for some minor scratches. It should be noted that two of the abutments 

(I-A RC HA and I-B RC HA) were regular connection (RC) type, and I-C NC HA had a narrow 

connection abutment. These two different types were compared with their respective control 

abutments (RC HA Control and NC HA control). XPS spectra, both “as received” (Figure 6.5C) 

and “after sputtering” (Figure 6.5F) did not show any difference in the Ti2p spectra of the 
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retrievals and their respective controls. It should be mentioned that “after sputtering” spectra of all 

specimens showed other oxidation states of Ti such as Ti3+ and Ti2+ but not Ti0. 

 

Figure 6.5(A-F). “As received” Ti2p spectra (A-C): (A) Implants immersed in early colonizers, 
(B) Early failure retrievals, (C) Healing abutments; “After sputtering” Ti2p spectra (D-F): (D) 
Implants immersed in early colonizers, (E) Early failure retrievals, (F) Healing abutments. 
 

 

Effect of late colonizers 

Aa, AaPg2, AaPg3, and a negative control (NC) were selected for XPS analysis. AaPg2 

and Aa were the implants which showed mild discoloration without any other surface deformation. 

It was interesting to find out that AaPg2 Ti2p had Ti3+ in addition to the native Ti4+ peak in the “as 

received” analysis (Figure 6.6A). “After sputtering”, specimen immersed in late colonizers 
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displayed peaks (Figure 6.6C) of other oxidation states including metallic titanium. However, the 

control (NC) did not present any other states than the native TiO2 peak.   

Late-stage failed retrievals demonstrated surface deformation in the form of discoloration, 

pitting, cracks, scratches, and fracture under optical microscopy analysis. Implant 1 (I-1), implant 

2 (I-2), implant (I-3), and implant (I-4) were chosen for XPS analysis, and compared with the 

control. Figure 6.6B shows the “as received” XPS analysis of late stage retrievals in comparison 

with a control. Again, Ti2p spectra had the prominent native TiO2 peak in all the specimen except 

for I-4, which also exhibited Ti3+ peak. “After sputtering” (Figure 6.6D) other oxidation states of 

Ti such as Ti3+, Ti2+, and metallic Ti0 were witnessed in I-1, I-3, and I-4. I-3 had a well pronounced 

metallic Ti0 peak in comparison to other implants. However, control and I-2 had only native 

titanium oxide peak after sputtering.  

 

Figure 6.6(A-D). “As received” Ti2p spectra (A-B): (A) Implants immersed in late colonizers, (B) 
Late failure retrievals; “After sputtering” Ti2p spectra (C-D): (C) Implants immersed in late 
colonizers, (D) Late failure retrievals. 
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6.4.3 Electrochemical corrosion test 

Effect of early colonizers 

Figure 6.7A presents the corrosion potential (Ecorr) of test implants (EC1, EC2, EC3) in 

comparison with positive (PC) and negative control (NC). NC had a negative Ecorr value. The 

average Ecorr of the test specimens immersed in early colonizers were on the positive side. 

Although, EC3 had a negative quantity of -4.71 mV. PC had a positive corrosion potential. It 

should be mentioned that positive corrosion potential is associated with more stable oxide layer. 

The average polarization resistance (Figure 6.7B) of EC1, EC2, and EC3 were comparable to the 

negative control. The highest resistance was recorded for PC, which was 65 MΩ. Corrosion rate 

(Figure 6.7C) of specimen ranged from 0.072 µm/year to 0.163 µm/year. EC3 had the highest 

value of 0.163 µm/year.  

Surface morphology of early failed dental implants displayed corrosion features such as 

discoloration and pitting. The thickness of the oxide was found to be lower than the control in two 

of the retrievals (I-A and I-B). The average corrosion potential (Figure 6.7D) of implants of the 

early failure group was on the negative side with a value of -2.178 mV. This negative trend was 

mainly due to the very low corrosion potential of I-G (-126.3 mV) despite the positive corrosion 

potential observed for the rest of the specimens (I-D, I-E, I-F). Polarization resistance of the control 

specimen was lower than the average value of early retrievals as shown in Figure 6.7E. The 

average corrosion rate (Figure 6.7F) of retrieved specimen was lower than the control. Among the 

early failure implants, I-D had the highest corrosion rate (2.763 µm/year), which was also lower 

than the rate of the control (5.85 µm/year). 
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Figure 6.7(A-F). Electrochemical test of implants immersed in early colonizers (EC1, EC2, EC3) 
in comparison with their respective positive (PC) and negative controls (NC) (A-C): (A) Corrosion 
potential; (B) Polarization resistance; (C) Corrosion rate. Electrochemical test of early failed 
retrievals (I-D, I-E, I-F, I-G) in comparison with the respective control (D-F): (D) Corrosion 
potential; (E) Polarization resistance; (F) Corrosion rate. 

 

 

Effect of late colonizers 

AaPg2 showed discoloration under optical microscopy and further revealed presence of 

Ti3+ in the “as received” Ti2p spectrum of the XPS analysis. “After sputtering, it was identified 

that all of the implants immersed in late colonizers (AaPg1, AaPg2, AaPg3, Aa) had thinner oxide 

layer compared to their negative control (NC). Corrosion potential (Ecorr) (Figure 6.8A) 

corroborated XPS results showing negative Ecorr in all the implants (AaPg1, AaPg2, AaPg3, Aa). 

AaPg3 had the lowest Ecorr value of -217 mV. In contrast, the average polarization resistance 
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(Figure 6.8B) of the test specimen were comparable with their respective NC. Implants immersed 

in late colonizers had a higher average corrosion rate (Figure 6.8C) compared to the control. 

AaPg3 showed the highest corrosion rate value of 0.35 µm/year.  

Characteristic purple-yellow discoloration, pitting, scratches, cracks, and mechanical 

fracture were the microscopic features identified on the surface of late stage failed dental implants. 

“As received” XPS analysis showed the presence of Ti3+ in I-4. Late failed retrievals I-1, I-3, and 

I-4 demonstrated thinner oxide layer compared to the control in the “after sputtering” XPS results. 

Electrochemical tests were performed on chosen retrievals (I-5, I-6, I-7, I-8, I-9, I-10) to evaluate 

the corrosion resistance. Figure 6.8D shows that the average corrosion potential of the late stage 

failed implants was higher and on the positive side in comparison to the control. The average 

polarization resistance (Figure 6.8E) of the failed implants was higher than the control. The 

highest corrosion rate of 5.22 µm/year among the retrievals was lower than the control (5.85 

µm/year). The average corrosion rate (Figure 6.8F) of the retrievals was lower than the corrosion 

rate of the control.  

 

6.5 Discussion 

Even the low failure rate reported in dental implant devices is significant considering the 

socio-economic burden that it could impose on patients. For example, a study revealed that 6.36% 

of 10,096 implants placed failed, which meant that 642 dental implants needed to be removed.192 

This could be roughly translated to a financial loss of $1,412,400 to $2,054,400.193 The survival 

rate of second implantation has been suggested to range from 71% to 94.6%.194 
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Figure 6.8(A-F). Electrochemical test of implants immersed in late colonizers (AaPg1, AaPg2, 
AaPg3) in comparison with their respective positive (PC) and negative controls (NC) (A-C): (A) 
Corrosion potential; (B) Polarization resistance; (C) Corrosion rate. Electrochemical test of late 
failed retrievals (I-5, I-6, I-7, I-8, I-9, I-10) in comparison with the respective control (D-F): (D) 
Corrosion potential; (E) Polarization resistance; (F) Corrosion rate. 
 

 

 In addition to the implant failures, clinical scenarios such as peri-implantitis would require 

surgical intervention, which would further increase the cost to the patient. Even though multiple 

factors have been associated with dental implants failures, bacteria are considered to play a major 

role in early- and late-stage complications. Until now, surgical treatment for peri-implantitis 

involves a systematic debridement and decontamination of the implant surface.41 Recent research 

has been directed towards achieving an implant surface with antibacterial properties to mitigate 

microbial intervention mainly during the healing phase, and to ensure soft tissue sealing.195,196  
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Mouhyi et al., has mentioned about the synergistic interplay of lesions peri-implant 

attachment, previous periodontal history, excessive biomechanical stress, and corrosion in 

triggering peri-implantitis.18 Furthermore, it was suggested that initiation of any of these factors 

could stimulate others.18 This study is focused on corrosion of cpTi dental implants and the 

multiple factors in the oral environment that could initiate it. In vitro immersion in early- and late-

colonizing polyculture were performed to understand the effect of microbial polyculture on the 

surface of dental implants. Retrieval analysis of early- and late-stage failed dental implants was 

carried out to evaluate the implant devices after their in vivo service. It is well known that corrosion 

on cpTi is dictated by the integrity of the surface oxide layer. Therefore, the implants obtained 

from in vitro immersion tests and clinical retrievals were subjected to a comprehensive surface 

analysis. The outcome of this study is to provide an understanding of multiple factors associated 

with the oral environment that may trigger deterioration of the oxide layer.     

In vitro bacteria immersion test was performed to simulate the conditions of biofilm 

adhesion of early colonizing Streptococcus during the healing period. It should be mentioned that 

the growth of early colonizers polyculture (EC1, EC2, EC3) resulted in an acidic pH of 5 while 

the negative control (NC) medium remained neutral (pH = 7). This low pH condition remained the 

same in the test media for the complete immersion period of 30 days. This clearly illustrated that 

early colonizers were able to lower the pH of their growing medium creating an acidic condition 

to the implants surfaces which were immersed in it. This was consistent with a previous study of 

a dental implant immersion in S. mutans monoculture. S. mutans was able to maintain a pH of 5 

throughout the immersion period of 60 days.197 It is well known that early colonizing 

Streptococcus species release lactic acid as a byproduct of glycolysis.170,198,199  
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The polyculture of late colonizers (AaPg1, AaPg2, AaPg3), and their respective negative 

control (NC) maintained a neutral pH of 7 for the immersion period of 30 days. A. 

actinomycetemcomitans monoculture (Aa) created an acidic condition (pH=5-6). P. gingivalis is 

assacharolytic, and uptake proteinaceous nutrients.200 A. actinomycetemcomitans in general 

ferments carbohydrates, and recent studies suggest the preferential utilization of lactic acid as a 

nutrient source.201 This preferential consumption could be a reason for increase in the pH from 5 

to 6 after 18 days in A. actinomycetemcomitans monoculture. It is important to mention that oral 

cavity harbors both early and late colonizers. Recently, new studies have suggested that a healthy 

site would predominantly consist of commensal bacteria while a diseased cavity has been 

associated with a shift in the aggressive pathogenic bacteria.202      

Surface features of clinical retrievals and in vitro immersed implants were first evaluated 

with optical microscopy. Morphological features such as discoloration, scratches, rusting, pitting, 

mechanical fracture, and surface etching were revealed. The most commonly observed feature was 

purple-yellow surface discoloration. This discoloration feature was found in implants EC1 and 

EC3 immersed in early colonizers (Figure 6.3A and 6.3B), AaPg2 immersed in late colonizers 

(Figure 6.3B), seven out of the eight early- stage (Figure 6.3E), and nine out of the ten late- stage 

(Figure 6.4E) failed clinical retrievals. The characteristic surface discoloration has been associated 

with different oxidation states of Ti, mainly Ti3+ (purple) and Ti2+ (yellow).35,127,203 This surface 

morphological feature could be attributed to the chemical attack on the surface. As discussed 

earlier, early colonizers release lactic acid, which can create an acidic condition.197 In the oral 

environment, there are other factors such as ingested food, wound healing process, soft drinks, 

etc., can lower the pH of the peri-implant region.204 Although, the discoloration observed in AaPg2 
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was not a result of acidic condition as all the late colonizers polyculture media maintained a neutral 

pH over the duration of the testing period. Surface discoloration of an implant immersed in P 

gingivalis have been observed in an earlier study. In that study, it was speculated that the surface 

attack was due to the presence of lipopolysaccharides (LPS) released from P gingivalis.200 

Previous studies have mentioned about the negative impact of LPS on the corrosion behavior of 

cpTi.49 Pitting on the surface in the form of peaks and valleys were appreciated in EC3 (Figure 

3C), I-C, I-D (Figure 6.3F), I-G, AaPg2 (Figure 6.4C), I-3, I-4 (Figure 6.4F), and I-8.  This is 

also a result of the electrochemical attack on the surface due to unfavorable acidic condition, which 

was witnessed in past studies.35,197 Mechanical implications on the surface were visible through 

features such as mechanical fracture (I-4), scratches (I-1, I-2 Figure 6.4G, I-5, I-6, I-7, I-8), and 

cracks (I-10). Dental implants are load bearing structures withstanding cyclic occlusal forces.138 

These features could be associated with wear due to repetitive stress experienced by the surface of 

the implants in vivo, which were also reported in previous studies.35,52  

XPS analysis of implants immersed in early colonizers (EC1, and EC3) identified the 

presence of carbon (C), oxygen (O), titanium (Ti), and nitrogen (N) on the “as received” survey 

spectrum. As discussed in the methodology, specimen were sputtered with an argon (Ar) source 

for 2 minutes. This procedure was carried out to perform a depth analysis to understand the 

thickness of the oxide layer. EC1, EC3, PC (positive control) and NC (negative control) 

demonstrated the same native symmetric Ti4+ (TiO2) curve in both “as received” and “after 

sputtering” Ti2p spectra (Figure 6.5A and 6.5D). This clearly showed that there was no change 

in the thickness of the oxide layer. This was contrary to the previous study which witnessed a 

thinning of the oxide layer of a test implant immersed in S. mutans in comparison to control.170 
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This contradiction may be due to the difference in the time period of immersion. The S. mutans 

immersion test was carried out for 60 days. XPS survey of early failed retrievals (I-A, I-B, I-C) 

reported C, N, O, Ti, Na, calcium (Ca), phosphorus (P), boron (B), silicon (Si), yttrium (Y), and 

scandium (Sc). C and N could be associated with the organic biological deposits which were 

appreciated on the microscopy analysis. B and Si might be from the storage vials and glove 

handling of the specimen. Since it is an endosteal implant, and a bone-contacting device, the 

presence of Ca and P would justify the biological deposits of hard tissues.205 Y and Sc were the 

rare earth elements observed in the survey, which could be any trace elements that was left on the 

XPS mounting stage.  

The narrow (or) high resolution scan of early retrievals I-A and I-B (Figure 6.5E) revealed 

Ti4+ (TiO2), Ti3+ (Ti2O3), Ti2+
 (TiO), Ti0 (metallic titanium) at 458.66 ± 0.22 eV, 457.13 ± 0.35 eV, 

455.34 ± 0.39 eV, 453.74 ± 0.32 eV, respectively, “after sputtering”. However, Ti2p spectrum of 

control did not show other oxidation states except for native TiO2 “after sputtering”. This was 

representative of a pristine surface with intact surface oxide layer. The exposure of metallic 

titanium in I-A and I-B demonstrated thinning of the oxide layer in comparison to the control. In 

contrast, healing abutments connected to I-A (I-A RC HA), I-B (I-B RC HA), I-C (I-B NC HA) 

did not differentiate from the Ti2p spectra of their respective controls (RC HA Control, NC HA 

Control) “after sputtering” (Figure 6.5F). In addition, it should be mentioned that “after 

sputtering” all the HA specimen displayed other oxidation states of Ti except for metallic titanium. 

This showed that metallic Ti was not exposed even after the sputtering process, which meant that 

the oxide layer is thick enough such that the sputtering process could not expose the bulk Ti. These 

XPS results of healing abutments were consistent with previous observations in which it was 
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stressed that the anodized surface had a thicker oxide layer that prevented the exposure of bulk 

titanium.170,206 On the other hand, “as received” XPS survey identified in C, N, and O in all the 

abutments except for I-C NC HA which had Ca, P, and B in addition. 

Again, C, N, O, and Ti were the prominent elements observed in the survey spectra of NC, 

Aa, AaPg1, and AaPg2. Narrow scan Ti2p spectra “after sputtering” revealed a thinner oxide layer 

in Aa, AaPg1, AaPg2 compared to NC. The sputtering process revealed metallic titanium, and 

other oxidation states (Ti3+, Ti2+) in all the test specimen (Aa, AaPg1, AaPg2). NC did not show 

any change in the Ti2p spectrum, and displayed only the native TiO2 “after sputtering” (Figure 

6.8B). Interestingly, the “as received” Ti2p spectrum (Figure 6.8A) of AaPg2 revealed asymmetry 

in the Ti peak with a shoulder containing another peak for Ti3+ (Ti2O3) oxidation state. Detection 

of metallic titanium (Ti0) even in the “as received” XPS elemental analysis of a dental implant 

which was immersed in a monoculture of P. gingivalis for 30 days170 has been reported in an earlier 

study. 

XPS analyses were performed on I-1, I-2, I-3, and I-4 among the late-stage failed dental 

implants, and compared with a control. The late stage retrievals contained biological deposits and 

debris on their surfaces. The “as received” survey spectra showed C, N, O, B, P, Ca, Na, Mg, 

which could be associated with tissue remnants attached to the surface. Si present on the surface 

could be attributed to storage and handling. In I-2 and I-4, Zn was identified, which might be 

associated with zinc oxide cement residue from cement-retained crown. Some rare earth elements 

such Sc, Ho, Dy and Ho might have been from contamination during staging the implant for XPS 

analysis (or) from the stage used for this purpose. The narrow scan Ti2p spectra of I-1, I-3, I-4 

“after sputtering” showed all the other oxidation states such Ti4+, Ti3+, Ti2+, Ti0, whereas the 
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control implant had a Ti peak with only the native oxide layer. This, again was a scenario of thinner 

oxide layer witnessed in late stage failed implants compared to the control. Like AaPg2, the “as 

received” narrow scan Ti2p spectrum of I-4 presented Ti3+ peak along with the native TiO2. This 

phenomenon of thinning of oxide layer in failed retrievals was reported by previous studies.170 In 

particular, Esposito et al., had found that retrievals after 8 years of functioning had the same (or) 

less thick oxide layer compared to the first days of osseointegration.136  It should be noted that 

pathogenic late colonizers require a strictly anaerobic condition for their growth.200 It can be 

expected that the surface of the implant will lack aeration (lack oxygen). Hence, breakdown to the 

oxide layer due to occlusion (or) mechanical forces may not allow for repassivation, which can 

lead to continuous dissolution of metal particles in vivo. This kind of metallic particle release can 

also be expected in the crevice region of low pH created due to bacterial biofilm where there is a 

lack of oxygen for repassivation when mechanical micromotion generates wear.204 This 

phenomenon of corrosion accelerated wear has been described in the literature as fretting-crevice 

corrosion.127,207  

Electrochemical test further provided quantitative details about the stability of the oxide 

layer and corrosion resistance. Negative Ecorr was observed for control implants used for retrieval 

analysis (control) (Figure 6.7D, Figure 6.8D), early colonizer (NC) (Figure 6.7A), and late 

colonizer (NC) (Figure 6.8A) groups. The negative trend was due to the metallic nature of titanium 

showing signs of initial dissolution in the electrolyte. However, all of the specimens showed a rise 

in corrosion potential towards the positive potential with increasing time, which was considered 

as an indication for formation of the passive oxide layer. Comparatively, the average Ecorr values 

of implants immersed in early colonizers (EC1, EC2, EC3), early stage (I-D, I-E, I-F, I-G), and 
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late-stage retrievals (I-5, I-6, I-7, I-8, I-9, I-10) were on the positive side demonstrating a more 

thermodynamically stable passive oxide layer. However, the average corrosion potential of 

implants immersed in late colonizers (Aa, AaPg1, AaPg2, AaPg3) had a negative corrosion 

potential. As discussed earlier, LPS released by P. gingivalis have been shown to have a negative 

impact on the corrosion resistance of cpTi. Also, the implants were maintained in an anaerobic 

condition for bacterial growth of which contained no oxygen, and hence the repassivation was 

made more difficult. The average corrosion rate of implants immersed in early colonizers (Figure 

6.7C) and late colonizers (Figure 6.8C) were higher than their respective controls. However, the 

average corrosion rate of early (Figure 6.7F) and late stage failure retrievals (Figure 6.8F) were 

less than the control. This can be related to the fact that these retrievals, even though subjected to 

a cleaning protocol that was intended to remove biological products still had biological debris well 

adhered to their interfaces. Consequentially, this may have hindered the surface to undergo 

electrochemical dissolution in comparison to implants that have been only immersed in bacterial 

media or in control solutions. 

In this study, the surface analysis of dental implants obtained from in vitro immersion test 

and in vivo failures provided insight into the morphology, chemistry, and corrosion resistance of 

the surface. Implants immersed in early colonizer (NC, PC, EC1-EC3), late colonizers (NC, Aa, 

AaPg1-AaPg3), and implants retrieved from patients due to early failures (IA-IG) were not 

exposed to occlusal loading in vitro or in the oral environment. Contrarily, late stage failed 

retrievals (I1-I10) were subjected to mastication (or) occlusal loading during their period of 

service. This was evident in the morphological features observed on the surface of the implants. 

The early failed retrievals and the implants subjected to immersion in the bacterial polyculture 
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showed surface discoloration and pitting when compared to their respective control, which had 

pristine surfaces. These two features are representative of chemical attack on the surface. In the 

case of late stage retrievals, morphological features such as discoloration, pitting, cracks, scratches, 

and mechanical fractures were witnessed. This suggested an interplay of mechanical, and chemical 

attack on the surface. Subsequent XPS analysis revealed less thick oxide layer in implant immersed 

in late colonizers, early- and late-stage retrievals in comparison to their respective controls. 

However, this was not the case in implants immersed in early colonizers, where the XPS spectra 

of control and immersion test specimen were similar. This was interesting because the surface 

morphology displayed discoloration, which was a sign of surface corrosion. This could be 

attributed to the possibility of surface repassivation after the damage caused to the oxide layer as 

it was maintained in an aerobic condition. Positive average Ecorr of implants immersed in early 

colonizers (EC1-EC3) also confirmed a more stable oxide layer. This was not the scenario with 

the implants immersed in late colonizers, since they were maintained in anaerobic condition. XPS 

analysis of AaPg2 revealed the presence of Ti3+ oxidation state even in the “as received” Ti2p 

spectrum. Furthermore, in the electrochemical test in which the late colonizers immersion test 

implants (Aa, AaPg1, AaPg2, AaPg3) had negative corrosion potential some even more negative 

than the respective control. In-spite of all the morphological changes, thinning of the oxide layer, 

and negative corrosion potential, the corrosion rate values remained well within the range 

suggested for medical implants. The main limitation of this study was exposure of the complete 

dental implant structure to microbial cultures. In vivo a dental implant inserted in bone may not 

encounter high loads of bacteria such as the used in this study. However, in this study, the entire 
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surface area of the implant is exposed to the electrolyte or bacterial medium to provide a worst-

case condition for the surface. 

 

6.6 Conclusion 

This study developed a novel protocol designed to evaluate the surface of implants exposed 

to early colonizers and late colonizers polyculture for a period of 30 days. Most importantly, this 

in vitro test revealed that the early colonizer immersion media created acidic (pH = 5) conditions 

whereas the late colonizers media were neutral. In addition, the surface analysis of early- and late-

stage failed dental implants gave insight on the surface performance under in vivo conditions, and 

could be correlated with in vitro test results. Morphological changes were evident in the form of 

surface discoloration, pitting, scratches, cracks, and fracture. XPS revealed the damage to the 

surface in the form of thinning of the oxide layer except for implants immersed in early colonizers. 

However, electrochemical tests provided results that demonstrated that corrosion resistance of the 

evaluated dental implants were within acceptable levels. Surface performance is vital for the long-

term clinical success of dental implants. Retrievals analyses help to identify the scenarios that 

could harm the surface while in vitro tests like the bacterial immersion test in this study will 

identify and isolate the root causes impacting implant performance. In this study, retrieval analysis 

demonstrated the scenario of acidic condition and cyclic mechanical forces affecting the surface 

of dental implants. Furthermore, the immersion test identified that bacteria itself can negatively 

impact the integrity of the surface. Future studies will evaluate the synergistic effect of bacteria 

and cyclic occlusal loading on the surface of dental implants. 
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CHAPTER 7 

IN VITRO EVALUATION OF THE EFFECTS OF MULTIPLE ORAL FACTORS ON 

DENTAL IMPLANTS SURFACES 

 
7.1 Prior Publication 

This work was published in the Journal of Oral Implantology in 2016. The paper describes 

the development of various methodologies to investigate the effect of multiple oral environmental 

factors on the surface of dental implants. Reproduced with permission of the Journal of Oral 

Implantology. Link to the article: http://www.joionline.org/doi/10.1563/aaid-joi-D-15-

00165?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed   

Sathyanarayanan Sridhar and Zain Abidi developed the design for the testing setup, 

performed the experiment, and carried out the post-test surface characterization.  Dr. Danieli 

Rodrigues was an expert source in the biomaterials field and guided the design of the experiments 

and the data analysis. Dr. Wilson and Dr. Valderrama were an expert source in the field of implant 

dentistry. Dr. Chandur extended his expertise in prosthodontics toward fabricating custom made 

crown for the fatigue test experiments. Dr. Palmer was an expert resource for microbiology-related 

experiments in this study. All authors contributed for the composition of the manuscript. 

 

7.2 Abstract 

Presence of metal ions and debris resulting from corrosion processes of dental implants in 

vivo can elicit adverse tissue reactions, possibly leading to peri-implant bone loss and eventually 

implant failure. This study hypothesized that the synergistic effects of bacterial biofilm and 
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micromotion can cause corrosion of dental implants and release of metal ions in vivo. The goal is 

to simulate the oral environment where an implant will be exposed to a combination of acidic 

electrochemical environment and mechanical forces. Four conditions were developed to 

understand the individual and synergistic effects of mechanical forces and bacterial biofilm on the 

surface of dental implants. In condition 1, it was found that torsional forces during surgical 

insertion did not generate wear particle debris or metal ions. In condition 2, fatigue tests were 

performed in a wet environment to evaluate the effect of cyclic occlusal forces. The mechanical 

forces applied on the implants were able to cause implant fracture, and surface corrosion features 

such as discoloration, delamination, and fatigue cracks. Immersion testing (condition 3) showed 

that bacteria (Streptococcus mutans) were able to create an acidic condition that triggered surface 

damage such as discoloration, rusting, and pitting. A novel testing setup was developed to 

understand the conjoint effects of micromotion and bacterial biofilm (condition 4). Surface damage 

initiated by acidic condition due to bacteria (condition 3), can be accelerated in tandem with 

mechanical forces through fretting-crevice corrosion. Permanent damage to surface layers can 

affect osseointegration and deposition of metal ions in the surrounding tissues can trigger 

inflammation.   

 

7.3 Introduction 

Despite the predictable success of commercially pure (cp) Titanium (Ti) dental implants, 

5-11% of the implants still fail.83 This is a concerning issue as the number of implants placed per 

year is increasing steadily to almost one million worldwide.82 The long term clinical performance 

of implants is mainly dependent on the integrity of the surface titanium oxide (TiO2).169 This 
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adherent, passive, TiO2 layer facilitates the process of osseointegration, and also protects the bulk 

Ti from corrosion.80 The integrity and stability of the passive oxide layer can be affected by severe 

conditions such as acidic electrochemical environment, excessive stresses, and a combination of 

both factors.18 In particular, the oral environment possesses properties and functions that are 

important considering the possibility of corrosion process. 

The oral environment has the potential to harbor over 600 different species of bacteria.24 

Bacterial colonization on the surface of dental implants can occur immediately post-implant 

placement.208 The initial adhesion of planktonic bacteria can mature over time leading to a 

polymeric network of multi-species biofilm.209 Bacterial biofilm has been observed in the peri-

implant tissues of failed implants.205,210 Kumar et al., noted an elevated level of the bacterial 

species Streptococcus mutans in implants with peri-implantitis as compared to the species 

associated with periodontitis.211 Previous studies have suggested that both microbial colonization 

and their metabolic products can damage passivity of the surface and disrupt osseointegration as 

well.25 Although, attachment of bacteria and bacterial biofilm on implant surfaces is considered 

one of the most significant reasons for implant failure, only a few studies have evaluated the role 

of bacteria in inducing damage to the TiO2 layer. It is important to note that bacterial adhesion on 

the surface of dental implants can create an acidic electrochemical environment in two different 

ways: (1) acidic metabolic products released by planktonic bacteria can reduce the pH and create 

an acidic condition. Streptoccocus species, which have been reported to colonize dental implants, 

can release lactic acid as their metabolic by-product.212,213 Chang et al., suggested that S. mutans 

could cause corrosion in commercially pure titanium by using bacterial species suspended in a 

ringer solution as electrolyte in electrochemical tests48; (2) localized crevice region due to 
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attachment of bacterial biofilm can lead to differential aerated zones on implant surfaces. In this 

localized region, there will be depletion of oxygen exposed to the surface decreasing the local pH. 

This unfavorable condition can lead to crevice corrosion and the release of metal ions in the oral 

environment.29  

Crevice corrosion can also take place in contacting interfaces such as connection regions 

of implants, and implant-bone interfaces. Stagnation of fluid in these interfaces can deplete the 

ingress and egress of oxygen to the implant surface. In a retrieval study of titanium modular hip 

implants, it was observed that the pH in crevice areas was as low as 1.207 Another phenomenon of 

corrosion known as fretting can occur in these contacting interfaces due to micromotion, which 

can result in generation of metallic wear. It is known that cyclic occlusal loads imposed on dental 

implants can lead to micromotion against supporting bone214, and also micromotion of the modular 

parts of an implant.141 Dental implants typically have two modular parts: (1) a modular connection 

between the implant and abutment; and (2) a second modular area between the abutment and 

crown. These modular junctions have been widely investigated for their tendency to generate 

microgaps at the junction between the implant and the abutment, which are reported to range from 

30-200 μm.215 Modular junction micromotion has been reported to cause microorganism 

leakage216, crestal bone changes217, mechanical instability218, screw fracture and in some cases 

implant failure219. However, the possibility of implant modularity and associated micromotion in 

triggering corrosion of dental implants has not yet been fully investigated.  

The cyclic micromotion of modular parts can result in fretting corrosion and wear, which 

is retaliated with repassivation of the oxide layer under normal aeration conditions.32 However, in 

presence of a localized acidic environment created by bacterial biofilm, these processes may be 
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accelerated, leading to fretting-crevice corrosion.220 Corrosion can lead to an accumulation of large 

amounts of metal ions in the oral environment, which may in turn trigger peri-implant 

inflammation and bone loss.35 Surface analysis of failed implants retrieved from peri-implantitis 

affected patients has previously been performed. Microscopic surface features revealed that 

surfaces experienced chemical as well as mechanical attack, leading to the permanent breakdown 

of the passive oxide layer.35 Wilson et al. observed the presence of titanium particles in soft tissue 

biopsies obtained from patients with peri-implant disease.37 Therefore, it is important to evaluate 

the individual and synergistic effects of bacterial colonization, and mechanical forces that can lead 

to disruption of surface passivity and result in metal wear release in peri-implant tissues.  

The purpose of this study was to simulate the oral environment where dental implants were 

exposed to a combination of electrochemical and mechanical factors. Four different in vitro testing 

scenarios were developed to explore the effects of: (1) surgical insertion; (2) occlusal loading; (3) 

bacterial colonization; and (4) synergistic effects of occlusal loading and bacterial biofilm. In this 

study, the development of in vitro tests to evaluate the effect of bacteria, occlusal loads, and their 

synergistic effects will be described. Post-test surface analysis of implants obtained from 

mechanical fatigue test (Condition 2) and bacterial immersion test (Condition 3) will also be 

explained. Finally, a working prototype to study the synergistic effects of occlusal loading and 

bacterial biofilm (Condition 4) will be presented.    
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7.4 Materials and methods 

7.4.1 Materials 

Poly (methyl methacrylate) (PMMA) based composite cement to secure the implant for 

mechanical testing. Bovine bone (Rudolph market, Dallas, TX) was used to insert the dental 

implants for load-to-failure test. Polyurethane foam blocks (referred to as “sawbones”) (Sawbone 

Inc., Vashon, WA) of density 40 pounds per cubic foot (PCF) served as simulated bone model for 

making dental implant mount for mechanical testing. Phosphate Buffered Saline (PBS) packs 

(Sigma Aldrich, St. Louis, MO) provided a simulated physiological medium for mechanical 

testing. 

Streptococcus mutans UA 159 was chosen as the bacterial strain for immersion studies. 

Tryptic soy broth and solidifying agar (BD, Franklin lakes) were used for agar cultures. Brain heart 

infusion (BHI) broth was utilized for broth cultures. GasPak EZ campy sachets and chamber with 

CO2 indicators (BD) created the CO2-rich micro-aerophilic growth conditions. 

 

7.4.2 Methods 

Experimental Steps 

In order to understand the effect of each oral environment contributing factor on the surface 

oxide damage, four different experimental steps were developed as detailed below: 

Condition 1: An insertion testing method for dental implants in simulated bone material 

(sawbones) was developed.  

Condition 2: A fatigue testing in simulated mild oral environment (0.01 M PBS) was developed. 
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Condition 3: An immersion testing of dental implants in S. mutans culture was performed. 

Condition 4: A fatigue test setup for dental implants immersed in bacterial culture was developed.  

In this study, the development of in vitro testing methods is discussed for conditions 2-4, as 

condition 1 was investigated and reported in a recent study.178  

 

Implant specimen selection:  

Four sand blasted, large grit, acid etched dental implants (referred to as I1-I4) (Straumann 

LLC., Andover, MA), 4.1 x 10 mm were received for mechanical fatigue testing. In addition, a 

dental implant of the same dimensions and brand was used for quasi-static testing. One implant 

(I6) (4.1 x 10 mm) was utilized for the bacterial immersion test, and another which was not 

subjected to immersion, served as a control (I5). 

 

Condition 2: Mechanical fatigue test simulating mild oral environment 

The main objective was to study the effects of occlusal forces on the implant surface under 

simulated mild environmental conditions using a mechanical fatigue test. Mild environmental 

conditions mean that no bacteria or acidic components were present in solution in the beginning 

of the experiment. The first step of the mechanical evaluation was to define upper and lower limits 

to simulate cyclic occlusal loading. A load-to-failure test was performed to define such limits.221  

 

LOAD-TO-FAILURE TESTING  

A dental implant was surgically inserted in bovine bone. A screw retained crown, 

fabricated from a 51% gold alloy (JP1, Jensen Inductries, North haven CT) was then attached. 
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Figure 7.1A shows the custom-made implant mount fixed to the base of the Materials Testing 

System (MTS, Bionix 370, Eden Prairie, MN), and loading point affixed to the top load cell. The 

test setup had the implant mount at a 30o inclination. Compressive axial load was increased at a 

rate of 0.05 mm/s until the implant fractured. Figure 7.1B shows post-test fractured implant.  

 

Figure 7.1. Process involved in designing a quasi-static test: (A) whole view of the MTS and 
implant fixture; (B) dental implant fixed at the base of the MTS and loading cell attached to the 
other end; and (C) fractured implant at end of the quasi-static test. 

 

 

The load-to-failure test generated axial force versus axial displacement graphs, as shown 

in Figure 7.2. Previous studies suggested that the upper limit of a fatigue loading cycle should be 

approximately 50% of the ultimate tensile strength.221 From this test, the ultimate tensile strength 

of the implant was found to be approximately 990 N. Hence, the upper limit of the fatigue test was 

chosen as 500 N, and 10% of the upper load limit was the lower limit for the test. 
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Figure 7.2. Axial force versus axial displacement curve generated from quasi-static test. 

 

DEVELOPMENT O F FATIGUE TEST IN WET CONDITION TO SIMULATE OCCLUSAL 

LOADING IN MILD ORAL ENVIRONMENT  

The fatigue test was designed per ISO standards.222 A dental implant was cemented inside 

a 40 PCF foam block with 3 mm exposure of the implant rough surface as shown in Figure 7.3A. 

Then, the implant was connected to a screw retained crown tightened according to the 

recommended torque of 35 N.cm. A block spacer was cut with an inclination angle of 30o, with 

respect to the horizontal plane to keep the implant mount tilted at the desired orientation (Figure 

7.3A).  

The dental implant mount along with the spacer were clamped at the base of the MTS 

system and encased within a water bath chamber (MTS Envirobath 8.5 x 12 x 5.8 inches), as 

illustrated in Figure 7.3B. The other end made contact with a load cell. The water bath chamber 

was filled with 0.01 M PBS until the implant mount was completely immersed, as shown in Figure 
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7.3C. This provided a mild environment with normal pH of approximately 7. Cyclic compressive 

axial force was applied with load limits between 50 N and 500 N (as defined in the load to failure 

test) at 4 Hz for 2 million cycles. At the end of the fatigue test, the implants were retrieved and 

subjected to qualitative surface analysis using optical microscopy and Scanning Electron 

Microscope (SEM) equipped with Energy Dispersive X-ray Spectroscopy (EDS). 

 

Figure 7.3. (A) Dental implant cemented in sawbone material with a spacer placed at the bottom 
to provide a 30o inclination; (B) implant fixture clamped at the base of the MTS system with load 
applied from the top; (C) fatigue test in PBS-containing environment 
 

 

Condition 3: Effect of bacteria on the surface corrosion of dental implants:  

The test implant (I6) was immersed in a test tube containing 5 mL S. mutans culture in BHI 

broth for 60 days. This time period was chosen to perform a long-term immersion test that would 

allow for adhesion and formation of biofilm on the implant surface. During the immersion test, the 

pH of the test medium was monitored once every two days. Post-immersion, the surface of the 

implant was analyzed with different microscopy techniques. Surface of I6 was compared with a 

brand new untested dental implant (referred to as I5), which served as a control.  
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Condition 4: Synergistic effects of micromotion and bacterial/bacterial biofilm on the surface of 

dental implants 

The fatigue test setup described in condition 2 was modified to design this synergistic test. 

In this condition, cyclic mechanical forces will be applied on implants immersed in bacterial broth 

cultures. A chamber was specifically designed for this test which was CAD/CAM fabricated using 

a 3D model printed out of acrylic resin material veroclear (Stratasys, Eden Prairie, MN). Figure 

7.4A & 7.4B shows the sketch and picture of the dome shaped chamber respectively.  The 

dimensions were accurate to perfectly fit at the base plate of the MTS inside the envirobath 

chamber. The dome structure provides suitable environment for the bacteria to grow without 

contamination.  Inlet and outlet ports on the sides of the chamber facilitated the flow of broth. The 

top view of the chamber (Figure 7.4C & 7.4D) presents the provision at the top of the dome which 

facilitates the entry of load cell to apply cyclic loading. A rectangular slot at the base platform of 

the dome structure will allow the placement of the implant mount. The implant mount was 

modified to perfectly snug-fit into that slot. Figure 7.4E shows a side view of sawbone with a 

ramp at the top which was inclined at 30o to orient the implant for the fatigue testing. 

 

Surface analysis of implants 

Dental implants surfaces were analyzed post-fatigue test with optical microscopy with 

magnifications in the range of 5-1000x (Keyence VHX-5000, Itasca, IL) and a depth up feature, 

which captures 3D profiles of the specimen. Areas of interest analyzed with this technique were 

further inspected with SEM equipped with EDS. 
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Figure 7.4. (A) A sketch explaining the dimensions of the custom made chamber; (B) Whole view 
of the 3D printed chamber; (C) Top view sketch displaying circular port of entry for mechanical 
forces and a rectangular slot for placing implant fixture; (D) Top view picture of the fabricated 
chamber; (E) Modified sawbone block used to make implant fixture that will snug-fit into the 
rectangular slot.  
 

7.5 Results 

The results for three different conditions developed for evaluating the implant surface are 

discussed.  
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7.5.1 Condition 2: Mechanical fatigue test simulating mild oral environment 

Mechanical Fatigue Test 

Four implants were subjected to fatigue test. The desired performance requirement set for 

this experiment was 2 million cycles. However, the first implant (I1) failed at around 550,000 

cycles. The implant prematurely fractured into two parts. The fracture was observed to occur along 

the contour of the 3 mm exposed surface (Figure 7.5A). The upper part of the implant consisted 

of the fractured 3 mm exposed rough surface, while the bottom part of the implant was actually 

cemented inside the sawbone block. The next three implants (I2-I4) (Figure 7.5B-D) survived the 

entire fatigue test of 2 million cycles with the revised load limits. 

 

Figure 7.5. Low magnification images of implants post-fatigue test: (A) I1; (B) I2; (C) I3; (D) 
I4; Fracture observed with only I1. 
 

Microscopy surface analysis: 

Implants were imaged with optical microscopy before the fatigue testing. This served as a 

control for surface analysis. The smooth and rough surfaces exhibited no significant deformation 

when observed under high magnifications (Figure 7.6A). Post-testing, implants were imaged to 

understand the effect of occlusal forces on surface morphology. Characteristic surface features 
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such as discoloration, fracture, surface delamination, and fatigue cracks were observed that 

suggested surface damage. Figure 7.6B shows yellow/blue discoloration of the smooth surface of 

the implant (I1) (collar region). Similar discoloration feature was observed on the rough surface 

(Figure 7.6C) of all implants except I3. Further analysis of particular areas of interest performed 

using the SEM provided detailed features such as surface delamination (Figure 7.6D) and 

superficial fatigue cracks (Figure 7.6F). Delamination of the top layer was expected in I1 because 

of the occurrence of fatigue fracture. Surface delamination was also found in I2 in regions with 

evidence of discoloration. Black stains (Figure 7.6E) were observed in the SEM analysis in 

regions where the implants (I1, I2, and I4) displayed the characteristic yellow/blue discoloration.  

 

Figure 7.6 (A-F) Qualitative analysis of the surface post-fatigue test: (A) Control; (B) 
Discoloration at the implant-abutment interface of I1; (C) Yellow purple discoloration of the rough 
surface of I2; (D) Delamination of the top surface of I1; (E) Black taints at the rough surface I2; 
(F) Surface crack and propagation of fatigue crack in the smooth-rough interface of I3. 
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The surface elemental composition of the implants (I1-I4) was analyzed with EDS. The 

elemental constituents of all implants are detailed in Table 7.1. It is evident that the surface 

elemental composition of the implants mostly consisted of Titanium (Ti), Oxygen (O), and Carbon 

(C). There were also trace amounts of other elements such as Vanadium (V), Calcium (Ca), 

Nitrogen (N), and Phosphorus (P).   

Table 7.1.  Microscopy results summary of implants post-fatigue test. 

Implant 
ID 

Visual Inspection Morphology 
(Optical/SEM) 

Composition (Mass%) 

I1  Fractured into 
two parts at 
550,000 cycles  

 

 Discoloration 
 Delamination 
 Fatigue cracks 

 Ti: 50-90% 
 O: 0-10% 
 Trace amounts of V, C, Ca, 

and P 
I2  No visible defects 

or fracture 
 Discoloration 
 Delamination 
 Superficial fatigue 

cracks 

 Ti: 60-90% 
 O: 20-38% 
 Trace of C, Al, and Ca 

I3  No visible defects 
or fracture 

 Superficial fatigue 
cracks 

 Ti: 80-100% 
 O: 3-6% 
 C: 7-17% 
 Trace of Ca, P, and Zr 

I4  No visible defects 
or fracture 

 Discoloration  Ti: 89-100% 
 O: 2.5-5% 
 C: 2-7% 
 Trace of N 

 

 

7.5.2 Condition 3: Effect of bacteria on the surface corrosion of dental implants 

The surface of the implant immersed in bacterial broth culture for 60 days (I6) was 

compared with a brand new dental implant (I5), which served as a control. Figure 7.7A shows the 

whole view of the control implant. Optical microscopy demonstrated a deformation free, intact 
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surface (Figure 7.7B). The color coded 3D map (Figure 7.7C) displayed a uniform distribution 

of color, which represented a pristine surface.  Further analysis with SEM (Figure 7.7D) also 

showed a defect free and intact oxide layer. However, the implant immersed in bacteria (I6) 

showed visible color change in the full implant view (Figure 7.7E). In comparison to I5, I6 

displayed change in color of the surface from grey to purple and yellow (Figure 7.7F). Figure 

7.7G depicts the color coded 3D image of the surface. The color distribution of I6 was not uniform 

as observed for I5. The color distribution changed in a series of raised regions (dark blue arrows) 

and depressions (black arrows) exhibiting micropit-like appearance. The diameter of these 

micropits varied from 15-25 µm whereas the depth ranged from 10-35 µm. This severe surface 

deformation was prominent in the SEM image (Figure 7.7H) where the raised edges of the 

micropits are marked with red arrows. 

 

Figure 7.7 (A-D) Control Implant (I5): (A) Whole view of the implant; (B) Flawless junction of 
smooth-rough surface of I5; (C) 3D depth up analysis showing a deformation surface with uniform 
color distribution. (E-H) Implant immersed in bacteria (I6): (E) Whole view of the implant with 
visible color change throughout the surface; (F) Surface color change from grey to yellow and 
blue; (G) Surface deformation in the form of micropits; (H) SEM image displaying surface 
deformation. 



 

120 

EDS analysis of the implant immersed in bacterial culture detected the presence of 

Titanium (Ti), Oxygen (O), and Carbon (C) with 63–93% Ti, 9–25% O, and 10–18% C. The 

surface chemistry of the control implant showed the presence of Ti: 87%–92%, O: 3%–5% O, C: 

4%–6%, and Nitrogen (N): 1%–2%.  

 

7.5.3 Condition 4:  Synergistic effects of micromotion and bacterial biofilm on the surface 

of dental implants: 

In condition 2, the dental implant fixture was immersed in PBS. With that setup, the enviro 

bath chamber of the MTS was able to house the volume of PBS required to completely immerse 

the implant. However, the fatigue setup needed to be improved to accommodate smaller volumes 

of bacterial culture, as the bacterial growth needed to be further controlled. Hence, a novel smaller 

chamber that could be fit within the enviro bath chamber of the MTS was designed (Figure 7.8A). 

Figure 7.8B shows the inlet and outlet of the chamber, which enables flow of bacterial broth 

cultures. The constant flow rate of 20 rotations per minute (RPM) will maintain the temperature 

of the microbial culture at 37o C. An opening centered at the top of this chamber (Figure 8C) was 

provided to facilitate the loading cell to enter the chamber setup and simultaneously apply cyclic 

forces on the dental implant mount. Figure 7.8C also shows a sawbone block (Black arrow) 

immersed in the circulating deionized water, in which dental implants will be placed for testing.       
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Figure 7.8. Novel chamber setup to study the synergistic effects of micromotion and bacterial 
biofilm. (A) An overview of the custom made setup placed inside the envirobath chamber; (B) A 
closer view displaying the inlet and oulet; (C) Top opening of the chamber to facilitate mechanical 
loading. 
 

 

7.6 Discussion 

The purpose of this study was to develop different testing conditions to investigate the 

effect of mechanical and chemical factors that could lead to surface damage of dental implants and 

release of metallic wear. Damage of the surface TiO2 oxide layer can affect integration of soft and 

hard tissues with the implant. Corrosion and resulting dissolution of metal ions in the oral 

environment is considered to play a vital role in implant failure. Mouhyi et al., has suggested that 

corrosion can be one of the underlying mechanisms of failure associated with dental implants.18 

Henceforth, in this study, different testing conditions were developed to understand the individual 

and synergistic effects of mechanical and chemical attack on the surface. Condition 1 was 

developed to evaluate the effect of surgical insertion. A torsional force was applied on the surface 

of the implant against simulated bone during the insertion procedure.178 Therefore, it was 

hypothesized that this mechanical force can lead to premature exfoliation of TiO2. However, 
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results of this study clearly concluded that the mechanical force involved in the insertion procedure 

did not lead to premature exfoliation of the surface oxide layer.178 In order to verify the effects of 

occlusal forces on the surface of the implant, a testing methodology was developed that enabled 

verification of multiple conditions in a single setup. Occlusal loads can lead to micromotion of a 

dental implant if osseointegration is not well established.214 Also, occlusal loads can lead to 

micromotion (fretting) of modular interfaces of the implant (abutment-implant and abutment-

crown interfaces).141 Under conditions of normal aeration and physiological pH, the oxide layer of 

the metallic substrate is able to re-passivate in the event of micromotion, protecting the surface 

against damage.32 However, in the presence of acidic environments, which can be created by oral 

bacteria or due to implant modularity, micromotion can lead to fretting-crevice corrosion. The 

hypothesis was proved with the surface analysis of the implants (I1-I4) post-fatigue testing. I1 did 

not survive the required fatigue performance of 2 million cycles, fracturing after 550,000 cycles. 

From Figure 7.5A, it can be inferred that the fracture of the top part was along the region of 3 mm 

exposure of the rough surface. This region was exposed intentionally to simulate alveolar bone 

loss, which was in agreement with established ISO standards for dental implant testing.222 It has 

been discussed that dental implants are less tolerable to non-axial occlusal loading (loading 

experienced at 30o orientation) due to the absence of periodontal ligament.223 Finite element 

analysis studies have demonstrated that occlusal loads are concentrated at the implant-marginal 

bone interface.224,225 An important point to mention is the load limits selected for testing. After 

evaluation of the first results, it raised the possibility that the loads selected might have been too 

high and not representative of the loads achieved in the oral environment. However, studies 

published by Gibbs et al. (2002) and Koc et al. (2010) showed that mastication loads can vary from 
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150 N to 1280.138,139 The loads selected also took into account the worst case scenario (Bruxism) 

when loads are reported to be as high as 800 N.140 However, in order to understand the long term 

performance of the implant without compromising on the average occlusal loading, the upper load 

limit was revised from 500 N to 450 N.  The remaining implants (I2-I4) (Figure 7.5(B-D)) were 

able to complete the entire 2 million cycles designed for the fatigue test.  

Post-fatigue testing, microscopy analysis showed corrosion features in the modular region 

of the implants, which supported the hypothesis. Figure 7.6B showed the characteristic 

yellow/blue discoloration. This characteristic discoloration represents the presence of titanium in 

different oxidation states such that blue indicates the presence of Ti3+, and yellow is linked to 

Ti2+.203 In this case, discoloration was only appreciated at the modular interface of the smooth 

surface of the implant (I1), where the implant comes in contact with the abutment. Literature 

reports on modular hip implants have already explained the ability of implant modularity to act as 

a crevice geometry, which can locally increase the acidity of the environment.127,207 Another area 

of evident discoloration of the rough surface (Figure 7.6C) was observed in all the implants, 

except I3. In this case, discoloration was blanketed by a layer of cement, which was used in 

securing the implant fixture. This case illustrates that the crevice geometry between the implant-

cement contacting interfaces, which produced a localized acidic environment that assisted in 

surface oxidation. 

In both cases of discoloration, synergistic effects of micromotion and the possibility of 

acidic conditions due to localized crevice environment in the regions of the implants’ contacting 

interfaces could have played a major role. In this particular test involving a mild environment, the 

acidic condition was assumed to be induced by lack of oxygen in the crevice geometry created by 
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the implant modular parts. More specifically, the junction between the abutment and implant is 

hypothesized to create the ideal conditions for triggering fretting-crevice corrosion. Another 

contributor factor could be the poor integration of the cement with the implant surface, which may 

have created microgaps that allowed micromotion to occur (Figure 7.6C). The threshold level for 

micromotion of an implant in the bone-implant interface has been reported in the literature to be 

approximately 150 μm.141,142 But fretting involves cyclic micromotion of amplitudes less than 100 

μm.143 This clearly articulates that the role of fretting cannot be ignored with modular dental 

implants. 

Furthermore, SEM/EDS analysis of implants post-fatigue testing corroborated the optical 

microscopy analysis. Regions of discoloration of the rough surface of the implants (I1, I2, I4) 

observed in the optical microscope were observed as black stains in the SEM analysis (Figure 

7.6E). Suito et al., has suggested that these stains or dark phases on surfaces observed with SEM 

indicate breakdown of the oxide layer.226 As stated previously, catastrophic fracture was 

experienced during fatigue testing of I1. In addition, SEM analysis at higher magnifications 

displayed superficial fatigue cracks (Figure 7.6F) in both smooth and rough surfaces of I2 and I3. 

Surface fatigue cracks result due to long term repeated loading which in our case was the 

application of cyclic occlusal forces for 2 million cycles. These characteristic features are known 

to be associated with stress related corrosion, which can propagate and eventually result in surface 

damage.16 Similar superficial fatigue cracks were observed in our previous retrieval analysis of 

implants removed from patients due to peri-implantitis.35 On an average, a person experiences 

1x106 chewing cycles per year221 and this repeated loading over long term can lead to destruction 

of an implant surface. The EDS analysis of the rough surfaces showed high percentage of Ti (50-
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85%) and low percentage of O (0-10%). The complete EDS data analysis obtained for all 

investigated implants is presented in Table 7.1. This explains breakdown of oxide layer (O rich) 

and exposure of the bulk (Ti rich). Corrosion resistance of Ti implants is dependent on the ability 

to form and reform this passive oxide layer.16,169 Breakdown of the oxide layer will lead to metal 

ions dissolution and particle debris deposition in the biological environment.25,107  

The effect of bacteria on the surface of dental implants was investigated with an immersion 

test. It was hypothesized that early colonizing Streptococcus species can create an acidic 

environment by releasing lactic acid as their metabolic product leading to damage of the passive 

surface.48,212,213 This was evident from the fact that a pH of 5 was observed in our S mutans broth 

cultures. This low pH was able to trigger surface damage changing the color and morphology of 

the surface. After 60 days of immersion, a characteristic blue/yellow discoloration (Figure 7.7A 

& 7.7B) was observed, which was similar to the feature observed in the implants post-fatigue test. 

The discoloration feature was only confined to the modular region and areas where marginal 

cement was present in the implants subjected to fatigue testing. However, surface attack due to 

acidic environment due to bacterial colonization was more pronounced with the discoloration 

spread throughout the surface of the implant (Figure 7.7A). Depth analysis (Figure 7.7C) showed 

that surface morphology was affected with the formation of micropits. Further analysis of this area 

of interest with SEM (Figure 7.7D) clearly illustrated severe deformation of the surface. Such 

surface deformations were previously witnessed in a retrieval analysis of failed implants.35 

Inflammation, infection, and surface contamination associated with bacterial colonization on the 

surface of dental implants are associated with both early and late stage failure of dental 

implants.43,84 From this study, it was shown that bacteria can create an acidic electrochemical 
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condition which can affect the implant’s surface morphology and surface chemistry. It is well 

known that the surface morphology and chemistry play a major role in the process of successful 

osseointegration.18 The higher percentage of Titanium (Ti) and lower percentage of Oxygen (O) 

on the surface detected in EDS analysis further corroborated damage of the oxide layer.  

The results from the mechanical test showed that occlusal forces applied on dental implants 

in a mild environment can lead to damage of the surface. Therefore, it is important to understand 

the synergistic effects of bacterial biofilm and mechanical forces which will simulate the scenario 

in the oral environment to which dental implants are exposed. Henceforth, Condition 4 was 

developed which will enable the simulation of oral environment. Dissolution of metal ions can be 

quantified by collecting aliquots of testing medium for every 100,000 cycles of fatigue. In addition, 

this setup can also provide information about the possible leakage of bacteria through the modular 

connection. The versatility of this methodology is such that other experimental conditions in the 

oral environments, for example, presence of lactic acid and excessive concentration of fluorides, 

can also be simulated with the setup. Most importantly, this methodology can be employed to 

evaluate dental implants of different surfaces and dimensions. A working prototype of this setup 

was shown in Figure (7.8A-7.8C). Preliminary results with this setup (data not shown) 

demonstrated that the system can accommodate a circulating broth medium maintained at 37oC, 

and the implant fixture can be simultaneously exposed to cyclic mechanical forces.  

Some of the limitations of this study are based on the ability to maintain a contamination-

free medium for the bacterial immersion test (Condition 3) and the synergistic test (Condition 4).  

It should be mentioned that the results obtained in this study are predominantly qualitative surface 

characterization. Another limitation is lack of true oral comparative biofilm mixed flora that may 
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result in a different physico-chemical behavior, compared to single species. More quantitative 

surface analyses such as x-ray photoelectron spectroscopy (XPS) and electrochemical corrosion 

tests are to be performed in the future. These tests will provide quantitative information about 

surface chemistry and surface potential. Also, in this study, implants of particular surface treatment 

and dimension were investigated. Therefore, future research will involve implants of different 

surfaces and dimensions.  

 

7.7 Conclusion 

Surface analyses of implants post-bacterial immersion and fatigue tests demonstrated 

damage of the passive oxide layer. Permanent damage to the oxide layer can lead to release of bulk 

metal ions. Dissolution of metal ions in the oral environment could play a fundamental role in 

triggering diseases like peri-implantitis. Further analysis of dental implants with the methodologies 

developed in this study will help articulate the role of metal ion dissolution in the process of 

implant failure. 
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CHAPTER 8 

THE ROLE OF BACTERIAL BIOFILM AND MECHANICAL FORCES IN 

MODULATING DENTAL IMPLANT FAILURES 

8.1 Abstract 

Currently many assume that bacteria are the primary etiological factor associated with 

failure of titanium dental implants. However, emerging data indicates a possible role for 

mechanical forces in implant failure. This study is based on the hypothesis that the synergistic 

effect of mechanical forces and bacterial biofilm can lead to surface damage resulting in in vivo 

release of metallic particles. The primary aim of the study was to develop a dynamic fatigue test 

method for dental implants immersed in wet environments such as; (i) 0.01 M phosphate buffer 

saline (PBS); (ii) lactic acid (pH = 5); (iii) bacterial polyculture. Four dental implants each were 

subjected to fatigue loading from 45 N to 450 N at 4 Hz for 2 million cycles while immersed in (i) 

PBS (negative control); (ii) bacterial culture (test); and (iii) lactic acid (positive control). Post-

testing, optical microscopy, x-ray photoelectron spectroscopy, and electrochemical corrosion tests 

were performed to evaluate the surface morphology, chemistry, and potential, respectively, of 

titanium implants. Post-testing, surface discoloration was evident in all three groups. However, the 

surface damage was further established in XPS analyses of test specimens, which showed that the 

interplay of bacterial biofilm and mechanical forces resulted in thinning of the titanium oxide layer 

(TiO2). Lower corrosion potential (Ecorr) of the test specimens compared to positive and negative 

controls also illustrated damage to the oxide layer. However, other electrochemical parameters 

such as linear polarization resistance (LPR) and corrosion rate (CR) were comparable among the 

groups indicating the corrosion resistance post-testing. 
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8.2 Introduction 

Implants supported dental prosthetics have been successful over the past three decades in 

their ability to restore the normal functioning of lost teeth.227 Commercially pure (cp) titanium (Ti) 

has been the material of choice due to its ability to integrate with the tissues, perform the 

biomechanical function, and inherent resistance to material degradation.169 It should be noted that 

Ti is a reactive metal, so it has a natural ability to form a nano-thick titanium oxide layer (TiO2) 

layer in the presence of air (or) water.16,80 This surface oxide layer ensures biocompatibility, 

facilitates material-tissue integration, and renders corrosion resistance.9 The oxide layer on Ti 

surfaces is typically formed and reformed within several milliseconds under normal physiological 

conditions.16 However, it has been hypothesized that the combination of excessive mechanical 

stresses and acidic electrochemical condition from bacterial attack can permanently break down 

the surface oxide layer, and expose the bulk metal to the surrounding tissues.18 The exposure of 

bulk can lead to continuous dissolution of metal ions and particles, which can trigger an adverse 

immune response.127  

Recent and past studies have indicated the presence of metallic particles in peri-implant 

tissues surrounding failed dental implants.36,37,176  In the orthopedic literature, dissemination of 

wear debris in the peri-prosthetic tissue has been strongly associated with aseptic loosening of the 

device, which can lead to device failure.33 A few studies have cited the possibility of metal ion-

induced osteolysis in the case of dental implants.179 These free titanium ions were shown to form 

complexes with native protein, leading to type IV hypersensitive reaction.152 Siddiqui et al. have 

mentioned that release of wear debris can affect the integration of dental implants with soft- and 
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hard- tissues.38 More recently, a study hypothesized that this release of Ti debris may trigger 

unfavorable host responses that can lead to peri-implant bone destruction.180  

Loss of peri-implant bone around functional osseointegrated implants has been one of the 

major problems with dental implants, which has been stated to cause late stage failure.51 Excessive 

occlusal loading, peri-implantitis, and excess residual restoration cements have been identified as 

triggering factors.85 Mechanical overloading of dental implants in vivo has been reported to result 

in micro-fractures of the surrounding bone, leading to osteolysis.98 Overloading has also been 

informed to result in implant fracture. However, it is a general presumption that bone microfracture 

(or) bone loss precedes this catastrophic device fracture.99 Currently, an inflammatory condition 

leading to continuous bone loss known as peri-implantitis has been gaining prevalence.101 

According to recent reports 1% to 56% of patients who receive an implant have been recorded to 

suffer from this clinical condition.100,104 Until now it has been bacterial biofilm that has been 

considered as the primary etiological factor.151 At present, this clinical condition has been treated 

with surgical and non-surgical techniques with the main focus of removing bacterial biofilm and 

their toxic metabolic products from the implant surface.41 In addition, occlusal overloading has 

been mentioned to be associated with peri-implantitis.97 In fact, some recent studies have 

mentioned that the combination of excessive mechanical stress and bacterial biofilm being the 

major triggering factors for peri-implant disease.18,85  

Wilson et al., identified a positive relationship between excess residual cements and peri-

implantitis development.107 In a follow up study, it was observed that cement particles were found 

surrounded by macrophages in soft tissue biopsies from dental implants effected by peri-

implantitis.37 The same study also witnessed the presence of Ti particles in the peri-implant 
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tissues.37 In a retrospective analysis of dental implants that failed due to peri-implantitis, Rodrigues 

et al., proposed that oral environmental factors could break down the oxide layer, causing 

dissolution of metal ions in the peri-implant tissue.35 In that study, it was hypothesized that 

bacterial colonization of the implant creates a harsh acidic condition, causing damage of the TiO2, 

which would be aggravated by the synergistic action of occlusal forces.35 A subsequent study 

further established that upon long-term exposure, both oral commensal bacteria and periodontal 

pathogens are able to attack the surface of dental implants, resulting in thinning of the oxide layer.50 

A few other studies also observed that bacteria can affect the corrosion resistance of cpTi, resulting 

in surface damage.48,49 These previous studies further motivated us to question whether mechanical 

forces experienced by dental implants due to occlusal loading can aggravate this surface damage 

due to the presence of bacteria or bacterial biofilm.  

The current study is based on the hypothesis that the synergistic effect of oral 

environmental factors, namely bacteria and mechanical forces, can permanently break down the 

implant oxide layer. Therefore, the primary goal of this study is to develop a dynamic mechanical 

test in which a dental implant is exposed to cyclic occlusal loading and bacteria simultaneously. 

The first step in this developmental process was the design of the fatigue test for dental implants 

in wet environment. In this test, cyclic forces were applied on dental implants which were 

immersed in static 5 liters of 0.01 M phosphate buffer saline (PBS). However, the need to reduce 

the volume of the testing fluid necessitated the design of a custom-made chamber. The first 

custom-made chamber was a single-piece structure, which could house the dental implant fixture, 

provide inlet and outlet for fluid flow, and facilitate implant loading. With this setup, a fatigue test 

of dental implant immersed in a circulating lactic acid solution was performed. This single-piece 
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chamber was improvised into a modular two-piece chamber to eliminate fluid leakage, and make 

it easy-to-use. This 3D printed chamber was utilized to test the synergistic effect of bacterial 

biofilm and mechanical forces on the surface of dental implants. This novel setup has the versatility 

to test different surface treatments, materials used in different dental implant systems, and 

solutions that can contact the dental implant system.  

In summary, to understand the combinatorial role of bacteria and mechanical forces on the 

surface of dental implants, an in vitro setup was developed. This study mainly presents the setups 

designed to carry out fatigue tests for dental implants in (i) static 0.01 M PBS; (ii) a circulating 

solution of lactic acid; (iii) a circulating polymicrobial culture in broth. In these dynamic test 

conditions, dental implants were subjected to cyclic loading of 45N to 450N at 4 Hz for 2 million 

cycles. Post-testing, the specimens were subjected to optical microscopy, x-ray photoelectron 

spectroscopy (XPS), and electrochemical corrosion tests to evaluate surface- morphology, 

chemistry, and potential, respectively. This novel test and surface characterization technique could 

be adopted as a standard in the future to evaluate the surface performance of dental implants in a 

more physiologically relevant environment.  

 

8.3 Materials and Methods  

8.3.1 Materials 

Nine sandblasted, large grit, acid etched (SLA) dental implants (4.1 x 10 mm) (Institut 

Straumann AG, Basel, Switzerland) were received for this study. These nine implants were divided 

into three groups based on the type of wet environment in which the fatigue tests were carried out. 
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Group LA: One implant (PC) was exposed to a circulating lactic acid (Fisher Scientific, NH 

Hampton) medium (pH = 5).  Group PBS: Four implants (I1 – I4) were subjected to fatigue test 

while being immersed in a static 0.01 M PBS medium. Group Bacteria: Fatigue loading was 

applied on four implants (S1 – S4), which were immersed in a circulating bacterial culture. Poly 

(methyl methacrylate) (PMMA) based composite cement was used to secure the implant in the 

simulated bone material for mechanical testing. Polyurethane foam blocks (referred to as 

“sawbones”) (Sawbone Inc., Vashon, WA) of density 40 pounds per cubic foot (PCF) served as 

simulated bone model for dental maxilla/mandibular bone for making a dental implant mount for 

mechanical testing. Dental surgical drills (Straumann LLC., Andover, MA) were employed to 

make “osteotomy” sites (site of implant placement) to place implants. A modular chamber was 

CAD/CAM fabricated (MakerTree 3D, Richardson, TX) using a 3D model printed out of Inland 

glycol-modified polyethylene terephthalate filament material (Micro center, Hilliard, OH). This 

fabricated chamber served as a housing for the dental implant fixture for mechanical test in 

circulating testing fluid (Figure 1). 

Streptococcus mutans (UA 159), Streptococcus sanguinis (10556), Streptococcus 

salivarius (13419) and late colonizing Aggregatibacter actinomycetemcomitans (VT 1169) were 

the bacterial strains used to create a bacterial polyculture consisting of early- and late- colonizers. 

Brain heart infusion (BHI) with or without agar (BD, Franklin lakes, NJ) was used for bacterial 

culture.  
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8.3.2 Methods 

Routine culture of bacteria 

Frozen stocks of S. mutans, S. salivarius, S. sanguinis, and A, actinomycetemcomitans were 

struck from freezer stock onto BHI agar and incubated in a 5% CO2 microaerophilic atmosphere 

for 48 hours. Colonies were inoculated in 5 mL BHI broth. The Streptococcus species were 

incubated for 24 hours while A. actinomycetemcomitans was incubated for 48 hours. Then, 105-

107 colony forming units (CFU)/mL of S. mutans, S sanguinis, S. salivarius, and A. 

actinomycetemcomitans were sub-cultured into a glass jar containing 900 mL of BHI which was 

incubated for 48 hours. Post-incubation, the bacterial culture was pH 5. 

 

Preparation of dental implant fixture for mechanical testing 

Each dental implant specimen, with dimensions of 4.1 x 10 mm (diameter x length), was 

cemented in the osteotomy of a 40 Pounds per Cubic Foot (PCF) foam block (Sawbone Inc., 

Vashon, WA) using the procedure described below. This block was cut to two different geometries 

to facilitate mounting in the (i) bionix MTS chamber, which was used for the PBS test; (ii) custom- 

made 3D printed chamber that was employed in LA and Bacteria test as shown in Figure 8.1. In 

the cut block, a hole larger than the diameter of the implant was drilled using surgical 

instrumentation. The depth of the hole was 7 mm to facilitate a 3 mm exposure of the implant 

rough surface. The hole was subsequently filled with a composite cement composed of 

poly(methyl methacrylate) (PMMA) and Brushite combination. The dental implant was placed in 

the cement dough leaving 3 mm of the rough surface exposed to simulate alveolar bone loss 

according to the ISO 14801 testing standards.  
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Figure 8.1. Dental implants fixture for fatigue test (A-B): (A) PBS test fixture; (B) LA and 
Bacteria test fixture.  
 

 

Fatigue testing setup  

The dental implant fixture was prepared using the method explained above. The whole 

fixture setup was clamped at the base plate of a materials testing system (MTS, Bionix 370, Eden 

Prairie, MN). The top end of MTS has the load cell with a capacity to apply axial and torsional 

forces of magnitudes up to 25 kN and 100 N.m, respectively. For each group, the implant 

specimens were immersed in their respective testing medium such as PBS, lactic acid, and bacteria. 

PBS test was performed in 0.01 phosphate buffer saline (pH = 7.4) at 25o C (Figure 8.2A). It 

should be mentioned that the PBS testing medium was maintained at static condition. LA test was 

performed with a circulating lactic acid solution (pH = 5) maintained at 37±2o C (Figure 8.2B). 

Finally, for the Bacteria test, the specimens were immersed in a circulating broth containing 105-

107 CFU/mL of polymicrobial culture (S. sanguinis, S. salivarius, S. mutans, and A. 

actinomycetecomitans) (at 37±2 oC and 5-7 pH) (Figure 8.2C).  
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Figure 8.2. Fatigue test setups in wet environment (A-C): (A) PBS test; (B) LA test; (C) Bacteria 
test.  

 

 

Bacterial culture was continuously pumped through the chamber at a flow rate of 20 RPM, 

ensuring stirring and exchange of the medium. The components of this novel testing setup are 

provided in Figure 8.3. A double-necked round-bottomed 1-liter flask was used as the reservoir 

to contain the polyculture broth. The initial volume of the testing fluid was 900 mL. Inside the 

chamber, dental implant specimens were immersed in approximately 250 mL of bacterial culture 

during fatigue tests. An MTS water bath heating system was used to maintain the temperature at 

37±2o C. The inlet tubing from the reservoir pumped the testing fluid into the chamber with the 

help of a masterflex peristaltic pumping system (Cole-Parmer, Vernon hills, IL) at a constant flow 

rate. The outlet tubing directed the testing fluid back into the main reservoir, and completed this 

closed flow system. Fresh BHI nutrients from the conical flask were added to the main reservoir 

after 2 days of testing to replenish bacterial growth.  
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Based on the ISO 14801 standard, and quasi-static preliminary testing, all fatigue tests were 

performed with cyclic axial compressive loading ranging from 45 N to 450 N. This cyclic loading 

was applied at 4 Hz frequency up to 2 million cycles or until failure. 

 

Figure 8.3. A novel in vitro setup to evaluate the synergistic effect of bacteria and occlusal loading. 
 

Surface analysis 

Post- fatigue tests the implants were retrieved from their respective fixture. Dental implants 

were separated from their PMMA-brushite cementation by immersing the fixture block in acetone. 

Acetone has been well known not to attack the surface of dental implants. These specimens were 

subjected to optical microscopy, x-ray photoelectron spectroscopy, and electrochemical corrosion 

test to understand the surface- morphology, chemistry, and potential respectively.  
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OPTICAL MICROSCOPY  

Surface morphology of the dental implants was examined by optical microscopy (Keyence 

VHX – 2000, Itasca, IL). Whole view of the implants was obtained with low magnification lens 

(5x – 50x), whereas a high magnification lens (100x – 1000x) was employed to carefully evaluate 

microscopic surface features due to the synergistic effect of bacteria and mechanical forces. This 

microscope has an in-built option, “depth up” which facilitated acquiring 3D images of a rough 

surface that is characterized by non-uniform/non-smooth surface contour. Post-processing of these 

3D images generated a color-coded mapping based on the depth of the contour. The deepest region 

was assigned a “dark blue” color while the highest peak region was given a “dark red”.  

 

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)   

Areas of interest identified with the optical microscopy analysis were further evaluated by 

XPS (PHI 5000 Versa Probe II, Chanhassen, MN) to identify the elemental composition, and the 

nature of chemical interaction of the TiO2 layer. Three test implants (S1, S2, S3), and one positive 

control (PC) subjected to fatigue test in bacteria and lactic acid, respectively, were chosen for the 

XPS analysis. Chemical analyses of the implants (I1, I2, I3) were also performed to serve as a 

comparison for synergistic tested implants.    

XPS analyses provided different intensities of spectral peaks at specific binding energies 

characteristic to elements that were present on the surface of specimens of interest.  A 

monochromatic Al Ka source of 1486.6 eV was used. Measurements were taken at an angle of 45o 

in relation to the sample surface. Two types of spectra could be acquired: (i) wide scan spectrum, 

which provides a survey of area of interest to identify the elements present on the surface. These 
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spectra were acquired using a pass energy of 187.85 eV, and 0.8 eV step size; (ii) narrow scan 

spectra were obtained at a 23.5 eV pass energy, and a step size of 0.2 eV for individual elements 

of choice. In this study, titanium (Ti), carbon (C), and oxygen (O) were the selected elements, and 

Ti2p, C1s, and O1s spectra were acquired from the narrow scanning, respectively. The interaction 

between Ti and O was of primary interest since this study aimed at investigating the damage to the 

TiO2 layer. Previous studies have adapted, and established a sputtering technique mainly for two 

reasons: (i) to remove the contaminants present on the surface; (ii) explore deeper into the surface. 

Ti2p narrow scan spectrum contains a doublet peak Ti 2p3/2 and Ti 2p1/2. For easier discussion, 

this study will focus on the Ti 2p3/2 peak. In general, Ti 2p3/2 spectrum would contain a peak at 

458.66 ± 0.22 eV (Ti4+, TiO2), which would represent a native titanium oxide layer on the surface. 

Upon sputtering, the deeper layers of surface oxide would have other oxidation states of Ti bound 

to O at 457.13 ± 0.35 eV (Ti3+, Ti2O3), and 455.34 ± 0.39 eV (TiO, Ti2+). After sputtering, if 

metallic Ti is detected at 453.74 ± 0.32 eV (Ti0, metallic state), it would imply in the detection of 

bulk Ti. Therefore, the specimens were sputtered with an Argon source of 1 kV for 2 minutes. The 

spectra that were acquired before sputtering were termed “as received” whereas the spectra 

obtained after the sputtering procedure were named “after sputtering”.   

 

ELECTROCHEMICAL CORROSION TESTS  

After XPS, electrochemical corrosion tests were carried out on S1, S2, S4, PC, I1, I2, and 

I3. It should be noted that sputtering technique used in the XPS analysis was a destructive method 

so those regions were insulated from the electrolyte contact with the help of epoxy coating. 

Electrochemical corrosion tests were performed using a three-electrode cell setup in which dental 
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implant specimens served as the working electrode. Standard calomel electrode (SCE) was 

employed as the reference electrode while a graphite rod was used as the counter electrode. 0.01M 

PBS (pH = 7.4) was the electrolyte in which the electrodes were immersed. After assembling the 

electrochemical cell setup, the specimens were subjected to standard corrosion tests such as open 

circuit potential (OCP), linear polarization resistance, and anodic Tafel analysis. The open-circuit 

potential was monitored first for 1 hour with a 0.5s sampling period in order to ensure the system 

reached electrochemical equilibrium, and measured the thermodynamic stability of the oxide layer. 

The final OCP reading was recorded as the corrosion potential (Ecorr). Afterwards, linear 

polarization was performed at a scanning rate of 0.1667 mV/s from -10 to 10 mV in relation to 

Ecorr. This yielded the impedance of the implant, and directly measured the corrosion resistance. 

Following linear polarization, anodic Tafel testing was conducted from the Ecorr with an anodic 

scan of 1 mV/s to + 0.25 V above Ecorr. Results from the anodic Tafel procedure were used to 

calculate the relative corrosion rate for each sample. 

 

8.4 Results 

8.4.1 Optical microscopy 

Control 

The surface morphology of dental implants was analyzed with optical microscopy. Figure 

8.4 (A-D) demonstrates the condition of the surface of a dental implant prior to testing, after 

removal from commercial packaging. The whole view of the implant is shown in Figure 8.4A. 

Figure 8.4B shows the machine lines of the smooth collar. The smooth collar-rough surface 
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junction of the implant was observed to be pristine without any presence of defects or deformation 

(Figure 8.4C). Figure 8.4D is the color coded 3 D mapping of the rough surface of the implant 

immediately prior to testing. The color gradient begins from the deepest region on the surface (dark 

blue) till the highest region (dark red). The uniformity of the surface could be appreciated by the 

continuity of the color variation in the surface, which denoted deformation-free nature of the 

surface. 

    

Figure 8.4. (A-D) A freshly packaged implant: (A) whole view; (B) machine lines of the smooth 
surface; (C) pristine smooth-rough junction; (D) 3D mapping of the surface with a uniform color 
distribution indicating a deformation free surface. 
 

 

PBS test 

Figure 8.5A shows the purple-yellow surface discoloration exhibited by I1 which was 

observed in three out of the four implants subjected to fatigue test in PBS. I2 did not have any 

surface morphological change and was pristine post-fatigue test that was evident in the 

morphological-free smooth-rough junction (Figure 8.5B). 3D mapping of I3 displayed peaks 

(yellow arrows) and valleys (black arrows) (Figure 8.5C) but they were not in the form of pitted 

pockets. All of the implants post- PBS test had 3D images which were similar to the control (or) 

before testing surface condition.   
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Figure 8.5. Surface morphology of implants post- PBS fatigue test (A-C): (A) Purple-yellow 
discoloration observed on I1; (B) I2 displaying a pristine smooth-rough surface junction; (C) 3D 
map of the surface showing deformation-free morphology of I3. 
 
 
LA test 

Figure 8.6 presents the surface of the implant (PC) post- fatigue test in lactic acid.  The 

whole view of the implant post-fatigue test is shown in Figure 8.6A. Morphological changes of 

the surface was appreciated with discoloration observed on Figure 8.6B. Higher magnification 

image (Figure 8.6C) identified the characteristic discoloration, which was also observed on post- 

PBS test. 

 

Figure 8.6. Surface morphology of the implant (PC) post- LA fatigue test (A-C): (A) Whole view 
of the implant (PC) post- fatigue test; (B) Surface deformation observed on the smooth-rough 
surface junction; (C) Surface discoloration covered within a layer of cement. 
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Bacteria test 

The whole of view of implants (S1, S2, S3, S4) post-testing is presented on Figure 8.7 (A-

D), respectively. Mild discoloration on the 3 mm exposed rough surface in all the implants could 

be appreciated, whereas the region below (except S3) had surface coloration similar to the control. 

Figure 8.7C shows discoloration of the bottom region as well as on the smooth-rough junction of 

the implant S3. A silver colored thin lining was observed on the surface of S1 (Figure 8.7A).   

 

Figure 8.7. Whole view of the dental implants post- synergistic test (A-D): (A) S1; (B) S2; (C) 
S3; (D) S4.  
 

 

Figure 8.8 (A-C) demonstrates the change in surface morphology of dental implants post- 

synergistic test. Purple/yellow discoloration was evident on the surface of all implants. Figure 

8.8A shows this discoloration observed on the rough surface of implant S3 while similar change 

in the coloration could be appreciated on the smooth collar of the implant (Figure 8.8B). Smooth 

collar discoloration was also observed on all the implants except S1. Deformation of the surface 
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in the form of peaks (yellow arrows), and valleys (black arrows) could be witnessed on S3 (Figure 

8.8C). The depth of these pits with respect to the surrounding crests varied from 20 µm to 35 µm. 

This feature could be observed in S2, S3, and S4. 

  

Figure 8.8. Surface of dental implants post-synergistic test (A-C): (A) Purple yellow discoloration 
on the rough surface of implant (S3). (B) Discoloration on the smooth collar surface of S4. (C) 
Surface deformation in the form of pockets created by peaks (yellow arrows) and valleys (black 
arrows) on the surface of S3.  
 

 

8.4.2 X-ray photoelectron spectroscopy 

XPS spectra of dental implants S1, S2, S3 obtained post-synergistic tests were compared 

with implants (I1, I2, I3) from fatigue test immersed in phosphate buffer saline (PBS), and positive 

control (PC) implant subjected to fatigue test in lactic acid. Survey spectra of I1, I2, I3 post-fatigue 

test predominantly identified elements such as titanium (Ti), carbon (C), oxygen (O), nitrogen (N), 

calcium (Ca), and phosphorus (P). Trace amounts of elements such as sodium (Na), zinc (Zn), 

boron (B), silicon (Si) and selenium (Se) were also observed. The surface of PC consisted of 

elements such as titanium (Ti), carbon (C), oxygen (O), sodium (Na), and silicon (Si). Titanium 

(Ti), carbon (C), oxygen (O), nitrogen (N), sodium (Na), calcium (Ca), phosphorus (P) were more 
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commonly observed on the survey spectra of S1, S2, and S3. Silicon (Si), and boron (Br) were 

observed in trace amounts.  

Figure 8.9 (A-B) shows XPS narrow scan spectra of Ti2p of implant specimens (I1, I2, 

I3, PC, S1, S2, S3) “as received” (Figure 8.9A) and “after sputtering” (Figure 8.9B). The “as 

received” spectra of I1, I2, I3, PC, and S2 displayed a symmetric Ti2p peak at 458.66, which is 

nothing but Ti4+ bound to O (TiO2), and denoted the native oxide layer. However, a slight shoulder 

could be appreciated on Ti2p spectra of S1 and S3 with a peak on 457.16 eV indicating the 

presence of Ti3+ bound to O (Ti2O3) in addition to the TiO2 oxide peak. This demonstrated the 

breakdown of the TiO2 layer and exposure of the surface beneath the native oxide layer. Ti2p 

spectra of I2, I3, PC, S1, and S3 “after sputtering” (Figure 8.9B) exhibited a well-defined 

asymmetry of the Ti 2p3/2 peak. All the oxidation states could be appreciated with peaks at 458.66 

eV, 457.13, 455.34, and 453.74 indicating the presence of Ti4+ (TiO2), Ti3+ (Ti2O3), Ti2+ (TiO), 

and Ti0 (metallic Ti), respectively. I1 and S2 did not show any asymmetry displaying only the 

native TiO2 peak at 458.66.  

 

Figure 8.9(A-B). XPS analyses of dental implants post-fatigue test in PBS (I1, I2, I3), post- fatigue 
test in lactic acid positive control (PC), and post-synergistic test (S1, S2, S3): (A) As received; (B) 
After sputtering. 
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8.4.3 Electrochemical corrosion tests 

XPS analyses was followed by electrochemical corrosion testing to quantify the corrosion 

resistance of post-synergistic test implants (S1, S2, S4), implants exposed to fatigue test in PBS 

(I1, I2, I3), and a positive control (PC) implant subjected to fatigue test in lactic acid. 

Electrochemical parameters such as corrosion potential (Ecorr), polarization resistance (Rp), and 

corrosion rate (CR) (Figure 8.10 (A-C)) did not show any statistical significance between post- 

synergistic test and post-fatigue test PBS implants (S1, S2, S4 vs I1, I2, I3).  However, it was 

evident that the average corrosion potentials (Ecorr) of implants post-fatigue test in PBS and 

implants post-fatigue test in lactic acid were on the positive side (Figure 8.10A). The average 

Ecorr of implants post-synergistic test was negative. The least Ecorr value of -73.79 mV was 

recorded for S1. Contrarily, the highest Ecorr value was recorded for I1 (56.8 mV). The average 

polarization resistance (Rp) (Figure 8.10B) values were comparable among the two sample groups 

and the positive control. Implants post-fatigue test in PBS had the least average Rp value. 

Although, the least Rp value of 2.5 MΩ.cm2 was observed for S2. Following the trend of the least 

average Rp values, the implants post-fatigue test in PBS (I1, I2, I3) had the highest average 

corrosion rate (Figure 8.10C) succeeded by average CR of implants post-synergistic test, and the 

CR of PC. The highest CR value (0.14 µm/year) was noted for I3.     

 

8.5 Discussion 

Bacteria and occlusal loading are not only risk factors for implant failures but also oral 

environmental factors to which a dental implant is exposed during its service in vivo.34  
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Figure 8.10 (A-C). Electrochemical corrosion test results of implants post- fatigue test in lactic 
acid (PC), in PBS (I1, I2, I3), and in bacteria (S1, S2, S4): (A) Corrosion potential; (B) Polarization 
resistance (Rp); (C) Corrosion rate (CR). 
 

 

Therefore, the primary goal of this study was to evaluate the synergistic effect of bacteria 

and mechanical forces on the surface of dental implants. It is based on the hypothesis that the 

interplay of microbial adhesion and cyclic occlusal forces can result in surface damage causing 

continuous dissolution of metal ions in the surrounding tissue.  

In order to verify this hypothesis, a series of fatigue tests such as PBS test (I1, I2, I3), LA 

test (PC), and Bacteria (S1, S2, S3, S4) test were developed. It should be mentioned that the fatigue 

test carried out on the first dental implant submerged in 0.01 M phosphate buffered saline (PBS) 

suffered a catastrophic fracture.228 In that test, the upper load limit was 550 N, which was based 

on the load-to-failure test performed in that study.228 It was speculated that the implant experienced 

overloading leading to fracture. As a result, the upper load limit was revised to 450 N for the 

subsequent fatigue tests based on normal load limits experienced during mastication.228 The rest 

of the implants (I1, I2, I3, PC, S1, S2, S3, S4) subjected to the fatigue loading with the revised 

upper load limit survived the cyclic loading for 2 million cycles without failure.  
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Post-fatigue tests, the implants were removed from the mounting fixture. Since, the 

implants were cements and secured with PMMA-brushite composite, the mounting fixtures were 

immersed in acetone to retrieve the implants from cementation.  Hence, there was no mechanical 

force involved in the process of implants retrieval from their fixture for fatigue tests. First, these 

fatigue-tested implants were analyzed with optical microscopy to evaluate surface morphology. 

Upon microscopic inspection, a purple-yellow discoloration could be appreciated on both rough 

(Figures 8.5A, 8.6C, 8.8A) I1, I3, PC, S2, S3, S4, and smooth (Figure 8.8B) surfaces of S2, S3, 

and S4 implants. This coloration of purple and yellow on Ti dental implants has been attributed to 

the presence of Ti3+ and Ti2+, respectively, on the surface.203 Previous studies have witnessed this 

morphological change in color in early-/late- stage retrievals, implants subjected to immersion in 

bacteria mono-/poly-culture, and implants subjected to fatigue test in PBS.35,197,228 In general a 

freshly packaged, unused standard tissue-level implant would have a bright silver colored, 

machined, smooth collar surface, and a grey rough surface beneath it, which extends out with 

extruding screw threads as shown in Figure 8.4 (A-D). The change in surface coloration to purple-

yellow implied a chemical attack due to acidic condition in both rough and smooth surfaces post-

synergistic test. In the PBS test, the testing fluid was neutral (pH = 7.4), and it was speculated that 

loosely contacting crestal/marginal cement layer could have created a crevice region which in turn 

might have increased the local acidity causing discoloration.228 This is plausible as discoloration 

in most cast had been observed in the 3 mm exposed surface, and mainly close to the marginal 

region of the cementation.228 In the LA test, the pH of lactic acid solution was adjusted to 5 to have 

the same acidic condition as the polyculture broth used in the Bacteria test. It is well established 

that the bacterial species employed in the polyculture (S. salivarius, S. sanguinis, S. mutans, A. 
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actinomycetemcomitans) reduce the pH of their nutrient medium as they proliferate due to the 

release of organic acids from sugar metabolism.48,198,229  Therefore, the discoloration observed on 

the surfaces of PC, S2, S3, S4 could be attributed to the acidic nature of the circulating solution 

used in LA test and Bacteria test. It is a general perception that bacteria prefer rough surfaces more 

than smoother surface, and there are contradicting views claiming that biofilm maturation is 

independent of surface roughness.230 From this study, it was evident that bacteria could attack both 

smooth and rough surfaces with no preference for surface topography. It is well known that while 

rougher surfaces favors hard tissue growth, smoother surfaces facilitate soft tissue integration with 

the implant material.79 Thus, chemical attack on these surfaces could affect tissue integration, 

which might be exacerbated by mechanical forces during occlusal loading.35 Exposure of the 

machined implant body as a thin silver line on the rough surface (Figure 8.7A) was observed on 

S1, illustrating possible debridement from the implant surface due to the synergistic effect. 

Another feature, which was consistent from the previous studies, was also detected in this study. 

It is the presence of alternating peak and valleys resulting in pocket formation in the surface in 

comparison to a pristine deformation free freshly packaged implant as shown in Figure 8.4D.50,197 

Post-synergistic test, S3 (Figure 8.8C) and S4 displayed this feature. However, the pocket depths 

were not so prominent compared to the observations in previous studies.35,50,197 Again, pitting 

pockets in the form of peaks and valleys indicated an electrochemical triggered damage to the 

surface.  

The areas of interest identified with optical microscopy were further analyzed with XPS to 

understand surface chemistry. Synergistic test implants S1, S2, S3 were compared with implants 

(I1, I2, I3) post- PBS test, and positive control implant (PC) post- LA test. Survey spectra revealed 
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titanium (Ti), carbon (C), and oxygen (O) as the predominant elements on the surface of all the 

implants post-testing. Carbon presence had contributions from environmental contamination, 

bacteria adhesion-based biological products, and remnants of PMMA brushite cement on the 

surface. PC had Si in addition to Ti, C, and O. Presence of Si could be from specimens handling 

(or) due to glass vial storage of the implants post-testing205. Almost all implants had presence of 

Si, and boron (B) (except for PC and S1). The presence of B could also be attributed to the storage 

method205. XPS wide scan detected calcium (Ca) and phosphorus (P) in I1, I2, I3, S2, and S3. Ca 

and P are the major constituents of brushite which is the part of the composite cement used to 

secure the implant in its mounting fixture for fatigue tests. Sodium (Na) was observed on almost 

all the implants, which could be from the testing fluid in which dental implants were immersed 

during their respective fatigue tests.  

Narrow scan (or) high resolution XPS spectra of selected elements of Ti, C, and O further 

demonstrated the elemental interaction on the surface. Before sputtering, the “as received” Ti 2p 

spectra (Figure 8.9A) of I1, I2, I3, PC, and S2 detected the native titanium oxide (Ti4+, TiO2) peak 

at 458.66 eV. However, S1 and S3 (Figure 8.9A) had prominent shoulders indicating Ti3+ (Ti2O3) 

peak at the binding energy of 457.13 eV, in addition to the native oxide layer. This clearly indicated 

surface damage to the passive layer because a pristine surface will only have a peak for TiO2. In 

general, upon sputtering deeper layers of the surface would be exposed revealing the other 

oxidation states of Ti (Ti3+, Ti2+) bound to O.191 Depending on the thickness of the oxide layer, the 

bulk Ti (Ti0) would be exposed. “After sputtering” Ti2p spectra (Figure 8.9B) of I2, I3, S1, S3, 

and PC revealed peaks identifying peaks representing other oxidation states of Ti such as Ti4+, 

Ti3+, Ti2+, and Ti0 at 458.66 eV, 457.13 eV, 455.34 eV, and 453.74 eV. However, I1 and S2 had 
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the TiO2 layer intact even after sputtering showing only the symmetric peak without exhibiting 

peaks for other Ti oxidation states unlike the rest of the implants. The detection of Ti3+ on the 

surface of S1 and S3, indicating thinning of the oxide layer, could be attributed to the synergistic 

effect of bacteria and mechanical forces. Rodrigues et al. had encountered similar observations of 

surface damage in the “as received” XPS analysis of an implant immersed in in late colonizer 

Porphyromonas gingivalis50. Lipopolysaccharides (LPS) released from P. gingivalis were 

speculated to have caused the surface damage.49,50 However, in this study, thea bacteria polyculture 

consisted of early colonizers S. mutans, S. sanguinis, S. salivarius, and a late colonizer A. 

actinomycetemcomitans. These bacterial species are not associated with LPS release in their 

growth medium. Therefore, it could be assumed that the interplay of bacteria and occlusal loading 

had led to the degradation of the TiO2 layer. In an earlier study, Esposito et al., had reported 

thinning of the oxide layer, and surface damage in an implant after 8 years of in vivo service.136  

Subsequent electrochemical corrosion tests were performed to evaluate surface potential. 

Comparison of electrochemical parameters such as corrosion potential (Ecorr), polarization 

resisitance (Rp), and corrosion rate (CR) (Figure 8.10 (A-C)) between synergistic tested implants 

(S1, S2, S4) and fatigue tested implants in PBS (I1, I2, I3) did not show any statistical significance. 

It should be noted that all of the implants post-synergistic test had negative corrosion potential. In 

spite of the negative corrosion potential, the curve tended toward the positive potential, which 

suggested the growth of oxide layer over time allowed for Ecorr measurement. It should also be 

noted that S1 had the least Ecorr value (-73.79 mV), which also demonstrated surface damage in 

the “as received” XPS analysis.  I1, I2, and PC had positive Ecorr values demonstrating a 

thermodynamically stable passive layer. Interestingly, corrosion rate of implants subjected to 
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fatigue test in PBS (I1, I2, I3) was higher than implants (S1, S2, S4) post- synergistic test. This 

may be due to the layer of bacteria attachment on the surface in comparison to the microbial 

contamination free fatigue tested implants (I1, I2, I3). The adhesion of bacteria (or) remnant of 

cement on the surface could have prevented the dissolution of metal ions which affected the 

potentiodynamic experiment, and hence the corrosion rate measurement. 

In summary, optical microscopy displayed surface discoloration, which had similar purple-

yellow pattern consistent with previous studies.35,127,197,228,231 Subsequent XPS analyses revealed 

degradation of the native oxide layer (Ti4+, TiO2), and exposure of the underlying Ti3+ (Ti2O3) in 

the “as received” spectra of S1 and S3. This clearly depicted the thinning of the oxide layer in 

comparison to implants post- PBS test (I1, I2, I3). The surface damage post- Bacteria test was 

further corroborated with lower average corrosion potential (-43.28 mV) compared to the positive 

average Ecorr of 30.64 mV for I1, I2, I3. However, anodic Tafel analyses did not depict this 

condition, suggesting that the average corrosion rate of specimen post- PBS test was higher than 

that of implants post- Bacteria test. This was expected because adhesion of bacteria served as a 

barrier preventing the dissolution of metal ions in the electrolyte.   

Understanding surface performance with respect to oral environmental factors is important 

because of the multifunctionality of the TiO2 layer, and the various mechanical and electrochemical 

factors in vivo that can disrupt surface integrity. From the previous studies, it was learnt that 

adhesion of bacteria can damage the surface of dental implants. This study concluded that the 

negative impact of microbial adhesion could be exacerbated by mechanical forces.  

The limitations of this study were mainly concerned with long term usage of bacteria 

polyculture. The fatigue test lasted for 6 days, thus it was challenging to maintain the concentration 
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of bacteria in circulating fluid. This study was restricted to sand blasted, large grit, and acid etched 

(SLA) surface. Therefore, future studies will be aimed at employing this testing method to 

investigate multiple dental implants surfaces which are commercially available.  

 

8.6 Conclusion 

A novel in vitro setup was developed to evaluate the synergistic effect of bacteria and 

mastication forces on the surface of dental implants. This study was based on the hypothesis that 

the combined effect of oral factors such as cyclic occlusal forces, and mechanical forces could 

result in breakdown of the oxide layer. The results of this study have proved demonstrated that the 

combination of acidic electrochemical environment and cyclic mechanical loading can damage the 

surface of dental implants. In the future, this setup could be used to test various implant surfaces 

and different classes of materials used for manufacturing dental implants with multiple testing 

solution that could potentially contact these devices. 
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CHAPTER 9 

CONCLUSIONS 

 
This dissertation proposed three aims to study the effect of (i) surgical insertion in different 

bone densities; (ii) bacterial colonization; (iii) occlusal forces on the surface of cpTi dental 

implants. These are the oral environmental factors which have been major contributors to the 

success (or) failure of dental implants. However, there are very few studies which have discussed 

about their impact on the surface TiO2 layer. This study was based on the hypothesis that these in 

vivo oral factors can provide acidic conditions and mechanical force triggered wear, which could 

damage implant surfaces resulting in continuous dissolution of metal ions in peri-implant tissues. 

In order to prove the hypothesis, novel in vitro tests were developed to simulate these conditions. 

In vivo retrievals of failed dental implants and its components were analyzed to evaluate surface 

topographical features associated with failures and served as reference to evaluate surface features 

obtained from in vitro studies.  

Aim 1 developed two in vitro techniques to evaluate the effect of surgical insertion on (i) 

the premature release of metallic particles (Chapter 4); and (ii) the susceptibility to corrode 

(Chapter 5). Chapter 4 successfully developed an in vitro model to insert dental implants in 

sawbone blocks of different densities (10, 20, 30, 40 pounds per cubic foot (PCF)).  The results 

from this investigation clearly demonstrated that increasing bone density led to an increase in 

insertion torque. However, powder XRD of the peri-implant sawbone material did not detect 

metallic Ti. It was concluded that the insertion procedure did not result in surface damage and 

release of metallic particles irrespective of the bone density. The next chapter (Chapter 5) 

engineered a setup to answer the question whether the implantation procedure could cause 
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corrosion of dental implants. This study was performed to further corroborate the results of the 

previous chapter that the insertion procedure did not affect the surface integrity of Ti dental 

implants. The results also reflected the same that there was no significant statistical difference in 

the corrosion parameters of the un-inserted control implants versus the implants inserted in the 20 

PCF and 40 PCF sawbone blocks. Earlier and recent literature suggested the potential of particle 

release due to the insertion method of dental implants. However, based on these two investigations 

it can be contradicted and concluded that a sand blasted, large grit, and acid etched surface will 

not be affected by the insertion procedure irrespective of the bone quality (or) the bone density.  

Aim 2 analyzed in vivo failed dental implants retrievals, and developed novel in vitro 

immersion tests, which enabled long-term exposure of dental implants to early and late colonizers. 

Surface features of early- and late- stage failed implants were compared with implants immersed 

in early- and late- colonizers, respectively. In vitro polyculture of early colonizers created an acidic 

pH of 5, whereas the growth of late colonizers provided a neutral electrochemical environment 

(pH = 7). These pH conditions were consistent throughout the immersion period of 30 days. 

Chemical attack on the implant was witnessed with surface discoloration and pitting in in vivo 

retrievals and implants exposed to in vitro immersion tests. Late failed retrievals exhibited 

additional surface features such as scratches, fracture, and cracks, which showed signs of 

mechanical wear. This morphological damage was corroborated with XPS analyses which 

illustrated the thinning of oxide layer in early-, late- failed retrievals, and implants immersed in 

late colonizers compared to their respective negative controls. However, XPS did not reveal any 

change in the surface chemistry of implants immersed in early colonizers compared to its negative 

control. The electrochemical corrosion results did not have any significant change among the 
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corrosion parameters such as corrosion potential (Ecorr), polarization resistance (Rp), and 

corrosion rate (CR). However, Ecorr and CR of implants immersed in late colonizers corresponded 

to the oxide layer degradation by showing a negative corrosion potential, and a higher corrosion 

rate in comparison to early colonizers and the respective negative control. Based on this study, it 

was concluded that late colonizers, and their anaerobic environment can exert a more pronounced 

effect on the implant surfaces.     

Aim 3 developed fatigue tests to evaluate the effect of occlusal forces on the surface of 

dental implants immersed in 0.01 M phosphate buffered saline (PBS) (Chapter 7). This fatigue test 

was modified, and a novel synergistic test was designed to understand the interplay of cyclic 

occlusal loading and bacteria on the surface of dental implants (Chapter 8). Occlusal loading could 

inflict surface discoloration irrespective of the immersion medium employed for the fatigue test. 

However, the interplay of cyclic forces and bacteria resulted in a more severe degradation of TiO2 

layer, essentially demonstrated by the XPS analysis. Even though the severity of surface 

degradation post-synergistic test was evident with negative average Ecorr, polarization resistance 

and corrosion rate parameter were comparable and not statistically significant.      

The overall findings of this study indicated that surface degradation inflicted by bacteria 

could be exacerbated by mechanical loading. Destruction of the oxide layer can release metal ions 

in the peri-implant tissue, which could cause inflammation triggered osteolysis. This study was 

restricted to a particular surface treatment, and these in vitro methodologies could be employed to 

test different surfaces, and implant materials. Future research could help identify the host response 

post- oral factors induced surface degradation. 
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CHAPTER 10 

FUTURE WORK 

 
This dissertation was highly motivated by retrieval analysis of failed dental implants in 

which oral factors were proposed to contribute to the surface damage through a process known as 

fretting-crevice corrosion, which would eventually lead to the failure of this device. Subsequently, 

in vitro tests were developed to simulate those in vivo factors such as bone quality, bacteria 

colonization, and occlusal loading. This is essentially a post-market surveillance followed by 

setting up of in vitro test which would ensure the performance of the dental restoration device 

during the developmental research phase.  

In this study, it was concluded that both individual and synergistic involvement of bacteria 

and mechanical occlusal forces can negatively impact the surface altering the surface- morphology, 

chemistry, and potential. However, there are certain limitations to this study, which could pave the 

way for future studies. This dissertation was restricted to commercial dental implants with 

particular brand, dimensions, and surface treatments. Testing variety of brands, dimensions, and 

surface treatment would add useful information, and would be valuable to compare and understand 

the surface chemistry, mechanical properties, and the corrosion resistance.  

The extent of surface damage due to these oral environmental factors, and its consequences 

in vivo still remain a big question. There are a number of questions that need to be answered in 

this area. They are as follows: How much particle would be released because of surface damage? 

What is the correlation between osteolysis/bone resorption (or) bone modeling homeostasis with 

respect to particle release? What is the amount of particle that is required to elicit an uneventful 

host response? Can a corroded surface still possess the same level of biocompatibility and 
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encourage osseointegration? What is the host response to a corroded surface? Will a corroded 

surface affect the healing process?  Will a corroded surface encourage more bacteria colonization?  

All of these questions are motivations toward more molecular level of understanding of 

dental implants, and its biological milieu. Dental implants market has been predicted to grow over 

the next few years. It is necessary to collect valuable research contents to understand more about 

the material with respect to its application and the biological environment. All these studies would 

provide foundations for better and improved design of future generation of dental implants, and 

subsequently improving the quality of health care.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

159 

REFERENCES 

 

(1)  Albrektsson, T.; Brånemark, P. I.; Hansson, H. A.; Kasemo, B.; Larsson, K.; Lundström, 
I.; McQueen, D. H.; Skalak, R. The Interface Zone of Inorganic Implants In Vivo: 
Titanium Implants in Bone. Ann. Biomed. Eng. 1983, 11 (1), 1–27. 

(2)  Zhao, B.; Van Der Mei, H. C.; Subbiahdoss, G.; De Vries, J.; Rustema-Abbing, M.; 
Kuijer, R.; Busscher, H. J.; Ren, Y. Soft Tissue Integration versus Early Biofilm 
Formation on Different Dental Implant Materials. Dent. Mater. 2014, 30 (7), 716–727. 

(3)  Eisenbarth, E.; Meyle, J.; Nachtigall, W.; Breme, J. Influence of the Surface Structure of 
Titanium Materials on the Adhesion of Fibroblasts. Biomaterials 1996, 17 (14), 1996. 

(4)  Brånemark, P. I. Osseointegration and Its Experimental Background. J. Prosthet. Dent. 
1983, 50 (3), 399–410. 

(5)  Büchter, A.; Joos, U.; Wiesmann, H.-P.; Seper, L.; Meyer, U. Biological and 
Biomechanical Evaluation of Interface Reaction at Conical Screw-Type Implants. Head 
Face Med. 2006, 2, 5. 

(6)  Albrektsson, T.; Dahl, E.; Enbom, L.; Engevall, S.; Engquist, B.; Eriksson, A.R.; 
Feldmann, G.; Freiberg, N.; Glantz, P.O., Kjellman, O. Osseointegrated Oral Implants. A 
Swedish Multicenter Study of 8139 Consecutively Inserted Nobelpharma Implants. J. 
Periodontol. 1988, 59 (5), 287–296. 

(7)  American Academy of Implant Dentistry (AAID). http://www.aaid.com/about/ 
Press_Room/ Dental_Implants_FAQ.html. 

(8)  American College of Prosthodontics (ACP). https://www.gotoapro.org/facts-Figures/. 

(9)  Shih, Y.-R. V; Hwang, Y.; Phadke, A.; Kang, H.; Hwang, N. S.; Caro, E. J.; Nguyen, S.; 
Siu, M.; Theodorakis, E. a; Gianneschi, N. C.; Vecchio, K. S.; Chien, S.; Lee, O. K.; 
Varghese, S. Calcium Phosphate-Bearing Matrices Induce Osteogenic Differentiation of 
Stem Cells through Adenosine Signaling. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (3), 
990–995. 

(10)  Koutayas, S.O.; Vagkopoulou, T.; Pelekanos, S.; Koidis, P.S.; J. Zirconia in Dentistry: 
Part 2. Evidence-Based Clinical Breakthrough. Eur J Esthet Dent 2009, 4 (348–80), 2009. 

(11)  Bergmann, C.; Stumpf, A. Dental Ceramics: Microstructure, Properties and Degradation 
(Topics in Mining, Metallurgy and Materials Engineering); 2013. 

(12)  Straumann. http://ifu.straumann.com/content/dam/internet/straumann_ifu/ brochures/ 
152.754_low.pdf. (Accessed April 9, 2018). 

(13)  Östman, P.-O. The OSSEOTITE ® 2 Certain ® Implant: A One-Year Interim Report on a 
Prospective Clinical and Radiographic Study. J. Implant Reconstr. Dent. 2011, 3 (1). 

(14)  Rocci, A.; Martignoni, M.; Gottlow, J. Immediate Loading of Brånemark System ® 
TiUnite TM and Machined-Surface Implants in the Posterior Mandible : A Randomized 
Open-Ended Clinical Trial. Clin. Implant Dent. Relat. Res. 2003, 5 (1), 57–63. 



 

160 

(15)  Dentsply Sirona. http://www.dentsplyimplants.com/~/media/M3 Media/DENTSPLY 
IMPLANTS/ Scientific Documentation/57148 Scientific Review OsseoSpeed. ashx? 
filetype=.pdf. (Accessed April 9, 2018). 

(16)  Ratner, B.; Hoffman, A.; Schoen, F.; Lemons, J. Biomaterials Science - An Introduction to 
Materials in Medicine, Second edi.; 2004. 

(17)  Hermawan, H.; Ramdan, D.; Djuansjah, J. R. P. Metals for Biomedical Applications, 
Biomedical Engineering - From Theory to Applications. InTech 2011, 2011. 

(18)  Mouhyi, J.; Dohan Ehrenfest, D. M.; Albrektsson, T. The Peri-Implantitis: Implant 
Surfaces, Microstructure, and Physicochemical Aspects. Clin. Implant Dent. Relat. Res. 
2012, 14 (2), 170–183. 

(19)  Herrero-Climent, M.; Lázaro, P.; Vicente Rios, J.; Lluch, S.; Marqués-Calvo, M. S.; 
Guillem-Martí, J.; Gil, F. J. Influence of Acid-Etching after Grit-Blasted on 
Osseointegration of Titanium Dental Implants: In Vitro and in Vivo Studies. J. Mater. Sci. 
Mater. Med. 2013, 24 (8), 2047–2055. 

(20)  Anil, S.; Anand, P.S.; Alghamdi, H.; Jansen J.A. Implant Dentistry – A Rapidly Evolving 
Practice, 1st editio.; Turkyilmaz, I., Ed.; Intech, 2011. 

(21)  Kazemzadeh-Narbat, M.; Kindrachuk, J.; Duan, K.; Jenssen, H.; Hancock, R. E. W.; 
Wang, R. Antimicrobial Peptides on Calcium Phosphate-Coated Titanium for the 
Prevention of Implant-Associated Infections. Biomaterials 2010, 31 (36), 9519–9526. 

(22)  Tsuchiya, H.; Shirai, T.; Nishida, H.; Murakami, H.; Kabata, T.; Yamamoto, N.; 
Watanabe, K.; Nakase, J. Innovative Antimicrobial Coating of Titanium Implants with 
Iodine. J. Orthop. Sci. 2012, 17 (5), 595–604. 

(23)  Svensson, S.; Suska, F.; Emanuelsson, L.; Palmquist, A.; Norlindh, B.; Trobos, M.; 
Bäckros, H.; Persson, L.; Rydja, G.; Ohrlander, M.; Lyvén, B.; Lausmaa, J.; Thomsen, P. 
Osseointegration of Titanium with an Antimicrobial Nanostructured Noble Metal Coating. 
Nanomedicine Nanotechnology, Biol. Med. 2013, 9 (7), 1048–1056. 

(24)  Paster, B. J.; Boches, S. K.; Galvin, J. L.; Ericson, E.; Lau, C. N.; Levanos, V.; Dewhirst, 
F.; Ericson, R.; Sahasrabudhe, A. Bacterial Diversity in Human Subgingival Plaque 
Bacterial Diversity in Human Subgingival Plaque. J. Bacteriol. 2001, 183 (12), 3770–
3783. 

(25)  Chin, M. Y. H.; Sandham, A.; de Vries, J.; van der Mei, H. C.; Busscher, H. J. Biofilm 
Formation on Surface Characterized Micro-Implants for Skeletal Anchorage in 
Orthodontics. Biomaterials 2007, 28 (11), 2032–2040. 

(26)  Manda, M. G.; Psyllaki, P. P.; Tsipas, D. N.; Koidis, P. T. Clinical Deviee-Related Article 
Observations on an In-Vivo Failure of a Titanium Dental Implant/abutment Screw 
System: A Case Report. J. Biomed. Mater. Res. - Part B Appl. Biomater. 2009, 89 (1), 
264–273. 

(27)  Heckmann, S. M.; Linke, J. J.; Graef, F.; Foitzik, C.; Wichmann, M. G.; Weber, H.-P. 
Stress and Inflammation as a Detrimental Combination for Peri-Implant Bone Loss. J. 
Dent. Res. 2006, 85 (8), 711–716. 



 

161 

(28)  Souza, J. C. M.; Henriques, M.; Oliveira, R.; Teughels, W.; Celis, J.-P.; Rocha, L. a. 
Biofilms Inducing Ultra-Low Friction on Titanium. J. Dent. Res. 2010, 89 (12), 1470–
1475. 

(29)  Chaturvedi T.P. An Overview of the Corrosion Aspect of Dental Implants (Titanium and 
Its Alloys). Indian J Dent Res 2009, 20 (1), 91–98. 

(30)  Salcetti, J.M.; Moriarty, J.D.; Cooper L.F,; Smith, F.W.; Collins, J.G.; Socransky, S.S.; 
Offenbacher, S. The Clinical, Microbial, and Host Response Characteristics of the Failing 
Implant. Int J Oral Maxillofac Implants. 1997 Jan-Feb;12(1):32-42. 

(31)  Olmedo, D. G.; Tasat, D. R.; Duffó, G.; Guglielmotti, M. B.; Cabrini, R. L. The Issue of 
Corrosion in Dental Implants: A Review. Acta Odontol. Latinoam. 2009, 22 (1), 3–9. 

(32)  Gilbert J.L.; Mali, S. A. Medical Implant Corrosion: Electrochemistry at Metallic 
Biomaterial Surfaces. In Degradation of Implant Materials; N, E., Ed.; Springer: New 
York, 2012; pp 1–28. 

(33)  Cadosch, D.; Chan, E.; Gautschi, O. P.; Filgueira, L. Metal Is Not Inert: Role of Metal 
Ions Released by Biocorrosion in Aseptic Loosening - Current Concepts. J. Biomed. 
Mater. Res. - Part A 2009, 91 (4), 1252–1262. 

(34)  Surdacka, A.; Strzyka A, K.; Rydzewska, A. Changeability of Oral Cavity Environment. 
Eur. J. Dent. 2007, 1 (1), 14–17. 

(35)  Rodrigues, D. C.; Valderrama, P.; Wilson, T. G.; Palmer, K.; Thomas, A.; Sridhar, S.; 
Adapalli, A.; Burbano, M.; Wadhwani, C. Titanium Corrosion Mechanisms in the Oral 
Environment: A Retrieval Study. Materials (Basel). 2013, 6 (11), 5258–5274. 

(36)  Olmedo, D.; Fernández, M.M.; Guglielmotti, M.B.; Cabrini, R.L. Macrophages Related to 
Dental Implant Failure. Implant Dent. 2003, 12 (1), 2003. 

(37)  Wilson, T. G.; Valderrama, P.; Burbano, M.; Blansett, J.; Levine, R.; Kessler, H.; 
Rodrigues, D. C. Foreign Bodies Associated With Peri-Implantitis Human Biopsies. J. 
Periodontol. 2015, 86 (1), 9–15. 

(38)  Siddiqi, A.; Payne, A. G. T.; De Silva, R. K.; Duncan, W. J. Titanium Allergy: Could It 
Affect Dental Implant Integration? Clin. Oral Implants Res. 2011, 22 (7), 673–680. 

(39)  Kahraman, S.; Bal, B. T.; Asar, N. V.; Turkyilmaz, I.; Tözüm, T. F. Clinical Study on the 
Insertion Torque and Wireless Resonance Frequency Analysis in the Assessment of 
Torque Capacity and Stability of Self-Tapping Dental Implants. J. Oral Rehabil. 2009, 36 
(10), 755–761. 

(40)  Cehreli, M.C.; Karasoy, D.; Akca, K.; Eckert, S. E. Meta-Analysis of Methods Used to 
Assess Implant Stability. Int. J. Oral Maxillofac. Implants 2009, 24 (6), 1015–1032. 

(41)  Valderrama, P.; Wilson, T. G. Detoxification of Implant Surfaces Affected by Peri-
Implant Disease: An Overview of Surgical Methods. Int. J. Dent. 2013, 2013, 77–84. 

(42)  Isidor, F. Histological Evaluation of Peri-Implant Bone at Implants Subjected to Occlusal 
Overload or Plaque Accumulation. Clin. Oral Implants Res. 1997, 8 (1), 1–9. 



 

162 

(43)  Esposito, M.; Thomsen, P.; Ericson, L.E.; Lekholm, U. Histopathologic Observations on 
Early Oral Implant Failures. Int. J. oral Maxillofac. Implant. 1999, 14 (6), 798–810. 

(44)  Esposito, M.; Thomsen, P.; Ericson, L.E.; Sennerby, L.; Lekholm, U. Histopathologic 
Observations on Late Oral Implant Failures. Clin. Implant Dent. Relat. Res. 2000, 2 (1), 
18–32. 

(45)  Franchi, M.; Bacchelli, B.; Martini, D.; De Pasquale, V.; Orsini, E.; Ottani, V.; Fini, M.; 
Giavaresi, G.; Giardino, R.; Ruggeri, A. Early Detachment of Titanium Particles from 
Various Different Surfaces of Endosseous Dental Implants. Biomaterials 2004, 25 (12), 
2239–2246. 

(46)  Senna, P.; Antoninha Del Bel Cury, A.; Kates, S.; Meirelles, L. Surface Damage on 
Dental Implants with Release of Loose Particles after Insertion into Bone. Clin. Implant 
Dent. Relat. Res. 2013, No. 17, 681–692. 

(47)  Frisken, K. W.; Dandie, G. W.; Lugowski, S.; Jordan, G. A Study of Titanium Release 
into Body Organs Following the Insertion of Single Threaded Screw Implants into the 
Mandibles of Sheep. Aust. Dent. J. 2002, 47 (3), 214–217. 

(48)  Chang, J.-C.; Oshida, Y.; Gregory, R. L.; Andres, C. J.; Barco, T. M.; Brown, D. T. 
Electrochemical Study on Microbiology-Related Corrosion of Metallic Dental Materials. 
Biomed. Mater. Eng. 2003, 13 (3), 281–295. 

(49)  Barão, V. A.; Mathew, M. T.; Assunção, W. G.; Yuan, J. C.; Wimmer, M. A.; Sukotjo, C. 
The Role of Lipopolysaccharide on the Electrochemical Behavior of Titanium. J. Dent. 
Res. 2011, 90 (5), 613–618. 

(50)  Rodrigues, D. C.; Sridhar, S.; Gindri, I. M.; Siddiqui, D. a.; Valderrama, P.; Wilson, T. G.; 
Chung, K.-H.; Wadhwani, C. Spectroscopic and Microscopic Investigation of the Effects 
of Bacteria on Dental Implant Surfaces. RSC Adv. 2016, 6 (54), 48283–48293. 

(51)  Esposito, M.; Hirsch, J. M.; Lekholm, U.; Thomsen, P. Biological Factors Contributing to 
Failures of Osseointegrated Oral Implants. (I). Success Criteria and Epidemiology. Eur. J. 
Oral Sci. 1998, 106 (1), 527–551. 

(52)  Shemtov-Yona, K.; Rittel, D. Identification of Failure Mechanisms in Retrieved Fractured 
Dental Implants. Eng. Fail. Anal. 2014, 38, 58–65. 

(53)  Abraham, C. M. A Brief Historical Perspective on Dental Implants, Their Surface 
Coatings and Treatments. Open Dent. J. 2014, 8 (1), 50–55. 

(54)  Ring M.E. Dentistry: An Illustrated History, 2nd ed.: Abrams H.N. Inc., 1985. 

(55)  Linkow LI, D. J. Implantology in Dentistry. A Brief Historical Perspective. N. Y. State 
Dent. J. 1991, 57 (6), 31–35. 

(56)  Burch R.H. Dr. Pinkney Adams--a Dentist before His Time. Ark. Dent. 1997, 68 (3), 14–
15. 

(57)  Rajput, R.; Chouhan, Z.; Sindhu, M.; Sundararajan, S.; Chouhan, R. R. S. A Brief 
Chronological Review of Dental Implant History. Int. Dent. J. Students Res. 2016, 4 (3), 
105–107. 



 

163 

(58)  Linkow, L.I. The Radiographic Role in Endosseous Implant Interventions. Chronicle 
1966, 29 (10), 304–311. 

(59)  Yeshwante, B.; Patil, S.; Baig, N.; Gaikwad, S.; Swami, A.; Doiphode, M. Dental 
Implants-Classification, Success and Failure –An Overview. IOSR J. Dent. Med. Sci. Ver. 
II 2015, 14 (5), 2279–2861. 

(60)  Harianawala, H.; Kheur, M.; Jambhekar, S. S. Zirconia Intra Mucosal Inserts as a 
Retentive Aid for Maxillary Complete Dentures: A Case Report. J. Indian Prosthodont. 
Soc. 2014, 14 (December), 323–327. 

(61)  Mapkar, M. A.; Syed, R. Revisiting the Maxillary Subperiosteal Implant Prosthesis: A 
Case Study. J. Dent. Implant. 2015, 5 (2), 113. 

(62)  Unger, J.W.; Burns, D.R.; Hoffmann, R.M. The Transosteal Implant in the Prosthodontic 
Reconstruction of the Edentulous Mandible. Compendium 1989, 10 (11), 624–627. 

(63)  Shadid, R.; Sadaqa, N. A Comparison Between Screw- and Cement-Retained Implant 
Prostheses. A Literature Review. J. Oral Implantol. 2012, 38 (3), 298–307. 

(64)  Marvin, J. C.; Gallegos, S. I.; Parsaei, S.; Rodrigues, D. C. In Vitro Evaluation of Cell 
Compatibility of Dental Cements Used with Titanium Implant Components. J. 
Prosthodont. 2018. 

(65)  Rodriguez, L. C.; Saba, J. N.; Chung, K. H.; Wadhwani, C.; Rodrigues, D. C. In Vitro 
Effects of Dental Cements on Hard and Soft Tissues Associated with Dental Implants. J. 
Prosthet. Dent. 2017, 118 (1), 31–35. 

(66)  Yilmaz, B.; McGlumphy, E.; Turkyilmaz, I. A Technique to Modify the Length of an 
Implant Healing Abutment. J. Oral Implantol. 2009, 35 (4), 201–203. 

(67)  Elter, C.; Heuer, W.; Demling, A.; Hannig, M.; Heidenblut, T.; Bach, F.-W.; Stiesch-
Scholz, M. Supra- and Subgingival Biofilm Formation on Implant Abutments with 
Different Surface Characteristics. Int. J. Oral Maxillofac. Implants 2008, 23 (2), 327–334. 

(68)  Williams, D. F. On the Mechanisms of Biocompatibility. Biomaterials 2008, 29 (20), 
2941–2953. 

(69)  De Avila, E. D.; De Molon, R. S.; Palomari, D. M.; De Assis Mollo, F. Implications of 
Surface and Bulk Properties of Abutment Implants and Their Degradation in the Health of 
Periodontal Tissue. Materials (Basel). 2013, 6 (12), 5951–5966. 

(70)  Heintze, S.D.; Rousson, V. Survival of Zirconia- and Metal-Supported Fixed Dental 
Prostheses: A Systematic Review. Int. J. Prosthodont. 2010, 23 (6), 483–502. 

(71)  Sandhaus, S. Technic and Instrumentation of the Implant C.B.S. (Cristalline Bone Screw). 
Inf. Odonto-Stomatologic 1968, 4 (3), 19–24. 

(72)  Foong, J. K. W.; Judge, R. B.; Palamara, J. E.; Swain, M. V. Fracture Resistance of 
Titanium and Zirconia Abutments: An in Vitro Study. J. Prosthet. Dent. 2013, 109 (5), 
304–312. 

(73)  Guess, P. C.; Att, W.; Strub, J. R. Zirconia in Fixed Implant Prosthodontics. Clin. Implant 



 

164 

Dent. Relat. Res. 2012, 14 (5), 633–645. 

(74)  Brånemark, R.; Brånemark, P.-I.; Rydevik, B.; Myers, R. R. Osseointegration in Skeletal 
Reconstruction and Rehabilitation. J Rehabil Res Dev 2001, 38 (2), 1–4. 

(75)  Le Guehennec, L.; Soueidan, A.; Layrolle, P.; Amourig, Y. Surface Treatments of 
Titanium Dental Implants for Rapid Osseointegration. Dent. Mater. 2015, 23, 844–854. 

(76)  Le Guehennec, L.; Soueidan, A.; Layrolle, P.; Amourig, Y. Surface Treatments of 
Titanium Dental Implants for Rapid Osseointegration. Dent. Mater. 2007, 23 (7), 844–
854. 

(77)  Albrektsson, T.; Wennerberg, A. Oral Implant Surfaces: Part 1--Review Focusing on 
Topographic and Chemical Properties of Different Surfaces and in Vivo Responses to 
Them. Int. J. Prosthodont. 2004, 17 (5), 536–543. 

(78)  Könönen, M.; Hormia, M.; Kivilahti, J.; Hautaniemi, J.; Thesleff, I. Effect of Surface 
Processing on the Attachment, Orientation, and Proliferation of Human Gingival 
Fibroblasts on Titanium. J. Biomed. Mater. Res. 1992, 26 (10), 1325–1341. 

(79)  Schwartz, Z.; Kieswetter, K.; Dean, D.D.; Boyan, B. D. Underlying Mechanisms at the 
Bone-Surface Interface during Regeneration. J. Periodontal Res. 1997, 32 (1.2), 166–171. 

(80)  Liu, X.; Chu, P. K.; Ding, C. Surface Modification of Titanium, Titanium Alloys, and 
Related Materials for Biomedical Applications. Mater. Sci. Eng. R Reports 2004, 47 (3–
4), 49–121. 

(81)  Zhao, B.; Van Der Mei, H. C.; Subbiahdoss, G.; De Vries, J.; Rustema-Abbing, M.; 
Kuijer, R.; Busscher, H. J.; Ren, Y. Soft Tissue Integration versus Early Biofilm 
Formation on Different Dental Implant Materials. Dent. Mater. 2014, 30 (7), 716–727. 

(82)  Duraccio, D.; Mussano, F.; Faga, M. G. Biomaterials for Dental Implants: Current and 
Future Trends. J. Mater. Sci. 2015, 50 (14), 4779–4812. 

(83)  Norowski, P. A.; Bumgardner, J. D. Biomaterial and Antibiotic Strategies for Peri-
Implantitis. J. Biomed. Mater. Res. - Part B Appl. Biomater. 2009, 88 (2), 530–543. 

(84)   Santos, M. C. L. G.; Campos. M. I. G.; Line, S. R. P. Early Dental Implant Failure : A 
Review of the Literature. Brazilian J. oral Sci. 2002, 1 (3), 103–111. 

(85)  Manor, Y.; Oubaid, S.; Mardinger, O.; Chaushu, G.; Nissan, J. Characteristics of Early 
Versus Late Implant Failure: A Retrospective Study. J. Oral Maxillofac. Surg. 2009, 67 
(12), 2649–2652. 

(86)  van Steenberghe, D.; Lekholm, U.; Bolender, C.; Folmer, T.; Henry, P.; Herrmann, I.; 
Higuchi, K.; Laney, W.; Linden, U.; Astrand, P. Applicability of Osseointegrated Oral 
Implants in the Rehabilitation of Partial Edentulism: A Prospective Multicenter Study on 
558 Fixtures. Int. J. Oral Maxillofac. Implants 1990, 5 (3), 272–281. 

(87)  Lambert, P.M.; Morris H.F.; Ochi, S. The Influence of 0.12% Chlorhexidine Digluconate 
Rinses on the Incidence of Infectious Complications and Implant Success. J. Oral 
Maxillofac. Surg. 1997, 55 (12), 25–30. 



 

165 

(88)  van Winkelhoff,  a J.; Goené, R. J.; Benschop, C.; Folmer, T. Early Colonization of Dental 
Implants by Putative Periodontal Pathogens in Partially Edentulous Patients. Clin. Oral 
Implants Res. 2000, 11 (6), 511–520. 

(89)  Yeo, I. S.; Kim, H. Y.; Lim, K. S.; Han, J. S. Implant Surface Factors and Bacterial 
Adhesion: A Review of the Literature. Int. J. Artif. Organs 2012, 35 (10), 762–772. 

(90)  Mombelli, A.; Lang, N. P. Microbial Aspects of Implant Dentistry. Periodontol. 2000 
1994, No. 4, 74–80. 

(91)  Gerber, J.; Wenaweser, D.; Heitz-Mayfield, L.; Lang, N. P.; Rutger Persson, G. 
Comparison of Bacterial Plaque Samples from Titanium Implant and Tooth Surfaces by 
Different Methods. Clin. Oral Implants Res. 2006, 17 (1), 1–7. 

(92)  Rosenberg, E. S.; Torosian, J. P.; Slots, J. Microbial Differences in 2 Clinically Distinct 
Types of Failures of Osseointegrated Implants. Clin. Oral Implants Res. 1991, 2 (3), 135–
144. 

(93)  Esposito, M.; Thomsen, P.; Mölne, J.; Gretzer, C.; Ericson, L.E.; Lekholm, U. 
Immunohistochemistry of Soft Tissues Surrounding Late Failures of Brånemark Implants. 
Clin. Oral Implants Res. 1997, No. 8, 352–266. 

(94)  Brunski, J. B. Biomechanical Aspects of Oral/maxillofacial Implants. Int. J. Prosthodont. 
2003, 16, 47–51. 

(95)  Wazen, R. M.; Currey, J. A.; Guo, H.; Brunski, J. B.; Helms J. A.; Nancy, A. 
Micromotion-Induced Strain Fields Influence Early Stages of Repair at Bone-Implant 
Interfaces. Acta Biomater. 2013, 9 (5), 6663–6674. 

(96)  Chen, Y. Y.; Kuan, C. L.; Wang, Y. B. Implant Occlusion: Biomechanical Considerations 
for Implant-Supported Prostheses. J. Dent. Sci. 2008, 3 (2), 65–74. 

(97)  Fu, J.-H.; Hsu, Y.-T.; Wang, H.-L. Identifying Occlusal Overload and How to Deal with It 
to Avoid Marginal Bone Loss around Implants. Eur. J. Oral Implantol. 2012, 5 Suppl, 
S91-103. 

(98)  Haïat, G.; Wang, H. L.; Brunski, J. Effects of Biomechanical Properties of the Bone-
Implant Interface on Dental Implant Stability: From in Silico Approaches to the Patient’s 
Mouth. Annu. Rev. Biomed. Eng. 2014, 187–213. 

(99)  Tagger Green, N.; Machtei. E. E.; Horwitz, J.; Peled, M. Fracture of Dental Implants: 
Literature Review and Report of a Case. Implant Dent. 2002, 11 (2), 137–143. 

(100)  Koldsland, O. C.; Scheie, A. A.; Aass, A. M. Prevalence of Peri-Implantitis Related to 
Severity of the Disease with Different Degrees of Bone Loss. J. Periodontol. 2010, 81 (2), 
231–238. 

(101)  Lindhe, J.; Meyle, J. Peri-Implant Diseases: Consensus Report of the Sixth European 
Workshop on Periodontology. J. Clin. Periodontol. 2008, 35 (SUPPL. 8), 282–285. 

(102)  Mahato, N.; Wu, X.; Wang, L. Management of Peri-Implantitis: A Systematic Review, 
2010–2015. Springerplus 2016, 5 (1), 1–9. 



 

166 

(103)  Froum, S. J.; Rosen, P. A. Proposed Classification for Peri-Implantitis. Int. J. Prosthodont. 
Restor. Dent. 2012, 32 (5), 533–540. 

(104)  Lee, C. T.; Huang, Y. W.; Zhu, L.; Weltman, R. Prevalences of Peri-Implantitis and Peri-
Implant Mucositis: Systematic Review and Meta-Analysis. J. Dent. 2017, 62, 1–12. 

(105)  Van Der Weijden, G. A.; Van Bemmel, K. M.; Renvert, S. Implant Therapy in Partially 
Edentulous, Periodontally Compromised Patients: A Review. J. Clin. Periodontol. 2005, 
32 (5), 506–511. 

(106)  Serino, G.; Ström, C. Peri-Implantitis in Partially Edentulous Patients: Association with 
Inadequate Plaque Control. Clin. Oral Implants Res. 2009, 20 (2), 169–174. 

(107)  Wilson, T. G. The Positive Relationship between Excess Cement and Peri-Implant 
Disease: A Prospective Clinical Endoscopic Study. J. Periodontol. 2009, 80 (9), 1388–
1392. 

(108)  Hinode, D.; Tanabe, S. I.; Yokoyama, M.; Fujisawa, K.; Yamauchi, E.; Miyamoto, Y. 
Influence of Smoking on Osseointegrated Implant Failure: A Meta-Analysis. Clin. Oral 
Implants Res. 2006, 17 (4), 473–478. 

(109)  Laine, M. L.; Leonhardt, Å.; Roos-Jansåker, A. M.; Peña,  A. S.; Van Winkelhoff, A. J.; 
Winkel, E. G.; Renvert, S. IL-1RN Gene Polymorphism Is Associated with Peri-
Implantitis. Clin. Oral Implants Res. 2006, 17 (4), 380–385. 

(110)  Pontoriero, R.; Tonelli, M.P.; Carnevale, G.; Mombelli, A; Nyman, S.R.; Lang, N. P. 
Experimentally Induced Peri-Implant Mucositis. A Clinical Study in Humans. Clin. Oral 
Implants Res. 1994, 5 (4), 254–259. 

(111)  Geremias, T. C.; Montero, J. F. D.; Magini, R. D. S.; Schuldt Filho, G.; De Magalhães, E. 
B.; Bianchini, M. A. Biofilm Analysis of Retrieved Dental Implants after Different Peri-
Implantitis Treatments. Case Rep. Dent. 2017, 2017: 8562050. 

(112)  Williams, D. F.; Williams, R. L. Degradative Effects of the Biological Environment on 
Metals and Ceramics, Third Edit.; Elsevier, 2013. 

(113)  Cohen, J. Current Concepts Review. Corrosion of Metal Orthopaedic Implants. J. Bone 
Joint Surg. Am. 1998, 80 (10), 1554. 

(114)  Bundy, K. J. Corrosion and Other Electrochemical Aspects of Biomaterials. Crit. Rev. 
Biomed. Eng. 1994, 22, 139–251. 

(115)  Khan, M. A.; Williams, R. L.; Williams, D. F. The Corrosion Behaviour of Ti-6Al-4V, Ti-
6Al-7Nb and Ti-13Nb-13Zr in Protein Solutions. Biomaterials 1999, 20 (7), 631–637. 

(116)  Mueller, W. D.; Lorenzo De Mele, M. F.; Nascimento, M. L.; Zeddies, M. Degradation of 
Magnesium and Its Alloys: Dependence on the Composition of the Synthetic Biological 
Media. J. Biomed. Mater. Res. - Part A 2009, 90 (2), 487–495. 

(117)  Laurent, F.; Grosgogeat, B.; Reclaru, L.; Dalard, F.; Lissac, M. Comparison of Corrosion 
Behavior in Presence of Oral Bacteria. Biomaterials 2001, 22 (16), 2273–2282. 

(118)  Fonseca, C.; Barbosa, M. Corrosion Behaviour of Titanium in Biofluids Containing H2O2 



 

167 

Studied by Electrochemical Impedance Spectroscopy. Corros. Sci. 2001, 43 (3), 547–559. 

(119)  Messer, R. L. W.; Tackas, G.; Mickalonis, J.; Brown, Y.; Lewis, J. B.; Wataha, J. C. 
Corrosion of Machined Titanium Dental Implants under Inflammatory Conditions. J. 
Biomed. Mater. Res. - Part B Appl. Biomater. 2009, 88 (2), 474–481. 

(120)  Hanawa, T. Evaluation Techniques of Metallic Biomaterials in Vitro. Sci. Technol. Adv. 
Mater. 2002, 3 (4), 289–295. 

(121)  Hiromoto, S.; Noda, K.; Hanawa, T. Development of Electrolytic Cell with Cell-Culture 
for Metallic Biomaterials. Corros. Sci. 2002, 44 (5), 955–965. 

(122)  Khan, M. A.; Williams, R. L.; Williams, D. F. Conjoint Corrosion and Wear in Titanium 
Alloys. Biomaterials 1999, 20 (8), 765–772. 

(123)  Okazaki, Y. Effect of Friction on Anodic Polarization Properties of Metallic Biomaterials. 
Biomaterials 2002, 23 (9), 2071–2077. 

(124)  Cook, S. D.; Thomas, K. A.; Harding, A. F.; Collins, C. L.; Haddad, R. J. Jr.; Milicic, M.; 
Fischer, W. L. The in Vivo Performance of 250 Internal Fixation Devices: A Follow-up 
Study. Biomaterials 1987, 8 (3), 177–184. 

(125)  Walczak, J.; Shahgaldi, F.; Heatley, F. In Vivo Corrosion of 316L Stainless-Steel Hip 
Implants: Morphology and Elemental Compositions of Corrosion Products. Biomaterials 
1998, 19 (1–3), 229–237. 

(126)  Gilbert, J. L.; Buckley, C. A.; Jacobs, J. J. In Vivo Corrosion of Modular Hip Prosthesis 
Components in Mixed and Similar Metal Combinations. The Effect of Crevice, Stress, 
Motion, and Alloy Coupling. J. Biomed. Mater. Res. 1993, 27 (12), 1533–1544. 

(127)  Rodrigues, D. C.; Urban, R. M.; Jacobs, J. J.; Gilbert, J. L. In Vivo Severe Corrosion and 
Hydrogen Embrittlement of Retrieved Modular Body Titanium Alloy Hip-Implants. J. 
Biomed. Mater. Res. - Part B Appl. Biomater. 2009, 88 (1), 206–219. 

(128)  Miloŝev, L.; Antoliĉ, V.; Minoviĉ, A.; Cör, A.; Herman, S.; Pavlovcic, V.; Campbell, P. 
Extensive Metallosis and Necrosis in Failed Prostheses with Cemented Titanium-Alloy 
Stems and Ceramic Heads. J. Bone Joint Surg. Br. 2000, 82 (3), 352–357. 

(129)  Romesburg, J. W.; Wasserman, P. L.; Schoppe, C. H. Metallosis and Metal-Induced 
Synovitis Following Total Knee Arthroplasty: Review of Radiographic and CT Findings. 
J. Radiol. Case Rep. 2010, 4 (9), 7–17. 

(130)  Chang, J. D.; Lee, S. S.; Hur, M.; Seo, E. M.; Chung, Y. K.; Lee, C. J. Revision Total Hip 
Arthroplasty in Hip Joints with Metallosis: A Single-Center Experience with 31 Cases. J. 
Arthroplasty 2005, 20 (5), 568–573. 

(131)  Machado, C.; Appelbe, A.; Wood, R. Arthroprosthetic Cobaltism and Cardiomyopathy. 
Hear. Lung Circ. 2012, 21 (11), 759–760. 

(132)  Daley, B.; Doherty,  A. T.; Fairman, B.; Case, C. P. Wear Debris from Hip or Knee 
Replacements Causes Chromosomal Damage in Human Cells in Tissue Culture. J. Bone 
Joint Surg. Br. 2004, 86 (4), 598–606. 



 

168 

(133)  Billi F, C. P. Nanotoxicology of Metal Wear Particles in Total Joint Arthroplasty: A 
Review of Current Concepts. J. Appl. Biomater. Biomech. 2010, 8 (1), 1–6. 

(134)  Kretzer, J. P.; Jakubowitz, E.; Krachler, M.; Thomsen, M.; Heisel, C. Metal Release and 
Corrosion Effects of Modular Neck Total Hip Arthroplasty. Int. Orthop. 2009, 33 (6), 
1531–1536. 

(135)  Sargeant,  A.; Goswami, T. Hip Implants - Paper VI - Ion Concentrations. Mater. Des. 
2007, 28 (1), 155–171. 

(136)  Esposito, M.; Lausmaa, J.; Hirsch, J. M.; Thomsen, P. Surface Analysis of Failed Oral 
Titanium Implants. J. Biomed. Mater. Res. 1999, 48 (4), 559–568. 

(137)  Martini, D.; Fini, M.; Franchi, M.; De Pasquale, V.; Bacchelli, B.; Gamberini, M.; Tinti,  
a.; Taddei, P.; Giavaresi, G.; Ottani, V.; Raspanti, M.; Guizzardi, S.; Ruggeri,  A. 
Detachment of Titanium and Fluorohydroxyapatite Particles in Unloaded Endosseous 
Implants. Biomaterials 2003, 24 (7), 1309–1316. 

(138)  Gibbs, C. H.; Anusavice, K. J.; Young, H. M.; Jones, J. S.; Esquivel-Upshaw, J. F. 
Maximum Clenching Force of Patients with Moderate Loss of Posterior Tooth Support: A 
Pilot Study. J. Prosthet. Dent. 2002, 88 (5), 498–502. 

(139)  Koc, D.; Dogan, A.; Bek, B. Bite Force and Influential Factors on Bite Force 
Measurements: A Literature Review. Eur. J. Dent. 2010, 4 (2), 223–232. 

(140)  Nishigawa, K.; Bando, E.; Nakano, M. Quantitative Study of Bite Force during Sleep 
Associated Bruxism. J. Oral Rehabil. 2001, 28 (5), 485–491. 

(141)  Saidin, S.; Abdul Kadir, M. R.; Sulaiman, E.; Abu Kasim, N. H. Effects of Different 
Implant-Abutment Connections on Micromotion and Stress Distribution: Prediction of 
Microgap Formation. J. Dent. 2012, 40 (6), 467–474. 

(142)  Winter, W.; Klein, D.; Karl, M. Micromotion of Dental Implants: Basic Mechanical 
Considerations. J. Med. Eng. 2013, 2013, 1–9. 

(143)  Gao, S.-S.; Zhang, Y.-R.; Zhu, Z.-L.; Yu, H.-Y. Micromotions and Combined Damages at 
the Dental Implant/bone Interface. Int. J. Oral Sci. 2012, 4 (4), 182–188. 

(144)  Elemam, R. F.; Pretty, I. Comparison of the Success Rate of Endodontic Treatment and 
Implant Treatment. ISRN Dent. 2011, 2011, 1–8. 

(145)  Adell, R.; Lekholm, U.; Rockler, B.; Branemark, P. I. A 15-Year Study of Osseointegrated 
Implants in the Treatment of the Edentulous Jaw. Int. J. Oral Surg. 1981, 10 (6), 387–416. 

(146)  Devlin., H.; Horner, K.; Ledgerton, D. A Comparison of Maxillary and Mandibular Bone 
Mineral Densities. J Prosthet Dent 1998, 79 (4), 446–453. 

(147)  Friberg, B.; Jemt, T.; Lekholm, U. Early Failures in 4,641 Consecutively Placed 
Brånemark Dental Implants: A Study from Stage 1 Surgery to the Connection of 
Completed Prostheses. Int. J. oral Maxillofac. Implant. 1991, 6 (2), 142–146. 

(148)  Meyer, U.; Bühner, M.; Büchter, A.; Kruse-Lösler, B.; Stamm, T.; Wiesmann, H. P. Fast 
Element Mapping of Titanium Wear around Implants of Different Surface Structures. 



 

169 

Clin. Oral Implants Res. 2006, 17 (2), 206–211. 

(149)  De Maeztu, M. A.; Alava, J. I.; Gay-Escoda, C. Ion Implantation: Surface Treatment for 
Improving the Bone Integration of Titanium and Ti6Al4V Dental Implants. Clin. Oral 
Implants Res. 2003, 14 (1), 57–2. 

(150)  Berglundh, T.; Gotfredsen, K.; Zitzmann, N. U.; Lang, N. P.; Lindhe, J. Spontaneous 
Progression of Ligature Induced Peri-Implantitis at Implants with Different Surface 
Roughness: An Experimental Study in Dogs. Clin. Oral Implants Res. 2007, 18 (5), 655–
661. 

(151)  Mombelli, A.; Müller, N.; Cionca, N. The Epidemiology of Peri-Implantitis. Clin. Oral 
Implants Res. 2012, 23 (SUPPL.6), 67–76. 

(152)  Chaturvedi, T. P. Allergy Related to Dental Implant and Its Clinical Significance. Clin. 
Cosmet. Investig. Dent. 2013, 5, 57–61. 

(153)  Sicilia, A.; Cuesta, S.; Coma, G.; Arregui, I.; Guisasola, C.; Ruiz, E.; Maestro, A. 
Titanium Allergy in Dental Implant Patients: A Clinical Study on 1500 Consecutive 
Patients. Clin. Oral Implants Res. 2008, 19 (8), 823–835. 

(154)  Chuang, S. K.; Cai, T.; Douglass, C. W.; Wei, L. J.; Dodson, T. B. Frailty Approach for 
the Analysis of Clustered Failure Time Observations in Dental Research. J. Dent. Res. 
2005, 84 (1), 54–58. 

(155)  Onodera, K.; Ooya, K.; Kawamura, H. Titanium Lymph Node Pigmentation in the 
Reconstruction Plate System of a Mandibular Bone Defect. Oral Surg. Oral Med. Oral 
Pathol. 1993, 75 (4), 495–497. 

(156)  Weingart, D.; Steinemann, S.; Schilli, W.; Strub, J. R.; Hellerich, U.; Assenmacher, J.; 
Simpson, J. Titanium Deposition in Regional Lymph Nodes after Insertion of Titanium 
Screw Implants in Maxillofacial Region. Int. J. Oral Maxillofac. Surg. 1994, 23 (6 pt 2), 
450–452. 

(157)  Kaar, S. G.; Ragab, A. A.; Kaye, S. J.; Kilic, B. A.; Jinno, T.; Goldberg, V. M.; Bi, Y.; 
Stewart, M. C.; Carter, J. R.; Greenfield, E. M. Rapid Repair of Titanium Particle-Induced 
Osteolysis Is Dramatically Reduced in Aged Mice. J. Orthop. Res. 2001, 19 (2), 171–178. 

(158)  Shin, D. K.; Kim, M. H.; Lee, S. H.; Kim, T. H.; Kim, S. M. Inhibitory Effects of Luteolin 
on Titanium Particle-Induced Osteolysis in a Mouse Model. Acta Biomater. 2012, 8 (9), 
3524–3531. 

(159)  Cristofolini, L.; Viceconti, M. Mechanical Validation of Whole Bone Composite Tibia 
Models. J. Biomech. 2000, 33 (3), 279–288. 

(160)  F1839-08, A. Standard Specification for Rigid Polyurethane Foam for Use as a Standard 
Material for Testing Orthopaedic Devices and Instruments. In ASTM International; West 
Conshohocken, PA, 2016. 

(161)  Misch, C. E. Contemporary Implant Dentistry, 2nd editio.; Mosby Co, 1999. 

(162)  Shalabi, M. M.; Wolke J.G.; Jansen, J. A. The Effects of Implant Surface Roughness and 
Surgical Technique on Implant Fixation in an in Vitro Model. Clin. oral Implant Res. 



 

170 

2006, 17 (2), 172–178. 

(163)  Oliscovicz, N. F.; Shimano, A. C.; Junior, É. M.; Lepri, C. P.; Candido, A. Analysis of 
Primary Stability of Dental Implants Inserted in Different Substrates Using the Pullout 
Test and Insertion Torque. 2013, 2013. 

(164)  Norton, M. Primary Stability versus Viable Constraint--a Need to Redefine. Int. J. oral 
Maxillofac. Implant. 2013, 28 (1), 19–21. 

(165)  O’Sullivan, D.; Sennerby, L.; Jagger, D.; Meredith, N. A Comparison of Two Methods of 
Enhancing Implant Primary Stability. Clin. Implant Dent. Relat. Res. 2004, 6 (1), 48–57. 

(166)  Snauwaert, K.; Duyck, J.; van Steenberghe, D.; Quirynen, M.; Naert, I. Time Dependent 
Failure Rate and Marginal Bone Loss of Implant Supported Prostheses: A 15-Year 
Follow-up Study. Clin. Oral Investig. 2000, 4 (1), 2000. 

(167)  Hansson, S.; Werke, M. The Implant Thread as a Retention Element in Cortical Bone: The 
Effect of Thread Size and Thread Profile: A Finite Element Study. J. Biomech. 2003, 36 
(9), 1247–1258. 

(168)  Flatebø, R. S.; Høl, P. J.; Leknes, K. N.; Kosler, J.; Lie, S. A.; Gjerdet, N. R. Mapping of 
Titanium Particles in Peri-Implant Oral Mucosa by Laser Ablation Inductively Coupled 
Plasma Mass Spectrometry and High-Resolution Optical Darkfield Microscopy. J. oral 
Pathol. Med. 2011, 40 (5), 412–420. 

(169)  Long, M.; Rack, H. J. Titanium Alloys in Total Joint Replacement--a Materials Science 
Perspective. Biomaterials 1998, 19 (18), 1621–1639. 

(170)  Rodrigues, D. C.; Sridhar, S.; Gindri, I. M.; Siddiqui, D.; Valderrama, P.; Wilson, T.G. Jr.; 
Wadhwani, C.; Chung, K.-H. Spectroscopic and Microscopic Investigation of the Effects 
of Bacteria on Dental Implant Surfaces. R. Soc. Chem. 2016, 6, 48283–48293. 

(171)  Fretwurst, T.; Nelson, K.; Tarnow, D. P.; Wang, H.-L.; Giannobile, W. V. Is Metal 
Particle Release Associated with Peri-Implant Bone Destruction? An Emerging Concept. 
J. Dent. Res. 2017, 2203451774056. 

(172)  Alrabeah, G. O.; Brett, P.; Knowles, J. C.; Petridis, H. The E Ff Ect of Metal Ions 
Released from Di Ff Erent Dental Implant-Abutment Couples on Osteoblast Function and 
Secretion of Bone Resorbing Mediators ☆. J. Dent. 2017, 66 (June), 91–101. 

(173)  Warming, L.; Hassager, C.; Christiansen, C. Changes in Bone Mineral Density with Age 
in Men and Women: A Longitudinal Study. Osteoporos. Int. 2002, 13 (2), 105–112. 

(174)  Schliephake, H; Reiss, G; Urban, R; Neukam, F. W.; Guckel, S. Metal Release from 
Titanium Fixtures during Placement in the Mandible: An Experimental Study. Int. J. Oral 
Maxillofac. Implants 1993, 8 (5), 502–511. 

(175)  Franchi, M.; Orsini, E.; Martini, D.; Ottani, V.; Fini, M.; Giavaresi, G.; Giardino, R.; 
Ruggeri, A. Destination of Titanium Particles Detached from Titanium Plasma Sprayed 
Implants. Micron 2007, 38 (6), 618–625. 

(176)  Pettersson, M.; Pettersson, J.; Molin Thorén, M.; Johansson, A. Release of Titanium after 
Insertion of Dental Implants with Different Surface Characteristics – an Ex Vivo Animal 



 

171 

Study. Acta Biomater. Odontol. Scand. 2017, 3 (1), 63–73. 

(177)  Wennerberg, A.; Ide-Ektessabi, A.; Hatkamata, S.; Sawase, T.; Johansson, C.; 
Albrektsson, T.; Martinelli, A.; Södervall, U.; Odelius, H. Titanium Release from 
Implants Prepared with Different Surface Roughness: An in Vitro and in Vivo Study. 
Clin. Oral Implants Res. 2004, 15 (5), 505–512. 

(178)  Sridhar, S.; Wilson, T.G. Jr.; Valderrama, P.; Watkins-Curry, P.; Chan, J.Y.; Rodrigues, 
D. C. In-Vitro Evaluation of Titanium Exfoliation during Simulated Surgical Insertion of 
Dental Implants. J. Oral Implantol. 2015. 

(179)  Müeller, W. D.; Gross, U.; Fritz, T.; Voigt, C.; Franklin, K. B.; Fischer, P.; Berger, G.; 
Rogaschewski, S.; Lange, K. P. Evaluation of the Interface between Bone and Titanium 
Surfaces Being Blasted by Aluminium Oxide or Bioceramic Particles. Clin. Oral Implants 
Res. 2003, 14 (3), 349–356. 

(180)  Fretwurst, T.; Nelson, K.; Tarnow, D. P.; Wang, H.-L.; Giannobile, W. V. Is Metal 
Particle Release Associated with Peri-Implant Bone Destruction? An Emerging Concept. 
J. Dent. Res. 2017, 2203451774056. 

(181)  Goodman, S. B.; Davidson, J. A.; Song, Y.; Martial, N.; Fornasier, V. L. 
Histomorphological Reaction of Bone to Different Concentrations of Phagocytosable 
Particles of High-Density Polyethylene and Ti-6Al-4V Alloy in Vivo. Biomaterials 1996, 
17 (20), 1943–1947. 

(182)  Donath, K.; Laaß, M.; Günzl, H. J. The Histopathology of Different Foreign-Body 
Reactions in Oral Soft Tissue and Bone Tissue. Virchows Arch. A Pathol. Anat. 
Histopathol. 1992, 420 (2), 131–137. 

(183)  ASTM standard F1839-97. Standard Specification for Rigid Polyurethane Foam for Use 
as a Standard Material for Testing Orthopaedic Devices and Instruments. ASTM Int. 2009, 
i (October), 1–6. 

(184)  Ducheyne, P.; Willems, G.; Martens, M.; Helsen, J. In Vivo Metal Ion Release from 
Porous Titanium Fiber Material. J. Biomed. Mater. Res. 1984, 18 (3), 293–308. 

(185)  Tengvall, P.; Elwing, H.; Sjöqvist, L.; Lundström, I.; Bjursten, L. M. Interaction between 
Hydrogen Peroxide and Titanium: A Possible Role in the Biocompatibility of Titanium. 
Biomaterials 1989, 10 (2), 1989. 

(186)  Wälivaara, B.; Aronsson, B. O.; Rodahl, M.; Lausmaa, J.; Tengvall, P. Titanium with 
Different Oxides: In Vitro Studies of Protein Adsorption and Contact Activation. 
Biomaterials 1994, 15 (10), 827–834. 

(187)  Mardinger, O.; Oubaid, S.; Manor, Y.; Nissan, J.; Chaushu, G. Factors Affecting the 
Decision to Replace Failed Implants: A Retrospective Study. J. Periodontol. 2008, 79 
(12), 2262-6. 

(188)  Manzano, G.; Montero, J.; Martín-Vallejo, J.; Del Fabbro, M.; Bravo, M.; Testori, T. Risk 
Factors in Early Implant Failure: A Meta-Analysis. Implant Dent. 2016, 25 (2), 2016. 

(189)  Froum, B. S.; Summerford, K. L. Implant Complications : Multiple Treatment Modalities ; 



 

172 

Few Financial Options. Dent. Econ. 2014, 104 (10), 1–16. 

(190)  Subramani, K.; Jung, R.E.; Molenberg, A.; Hammerle, C. H. Biofilm on Dental Implants: 
A Review of the Literature. Int. J. Oral Maxillofac. Implants 2009, 24 (4), 616–626. 

(191)  Biesinger, M. C.; Lau, L. W. M.; Gerson, A. R.; Smart, R. S. C. Resolving Surface 
Chemical States in XPS Analysis of First Row Transition Metals, Oxides and Hydroxides: 
Sc, Ti, V, Cu and Zn. Appl. Surf. Sci. 2010, 257 (3), 887–898. 

(192)  Chrcanovic, B. R.; Kisch, J.; Albrektsson, T.; Wennerberg, A. Factors Influencing Early 
Dental Implant Failures. J. Dent. Res. 2016, 95 (9), 995–1002. 

(193)  Docshop. http://www.docshop.com/education/dental/general-Dentistry/dental-
Implants/cost. 

(194)  Zhou, W.; Wang, F.; Monje, A.; Elnayef, B.; Huang, W.; Wu, Y. Feasibility of Dental 
Implant Replacement in Failed Sites: A Systematic Review. Int. J. Oral Maxillofac. 
Implants 2016, No. May, 535–545. 

(195)  Zhao, L.; Chu, P. K.; Zhang, Y.; Wu, Z. Antibacterial Coatings on Titanium Implants. J. 
Biomed. Mater. Res. - Part B Appl. Biomater. 2009, 91 (1), 470–480. 

(196)  Gindri, I. M.; Palmer, K. L.; Siddiqui, D. A.; Aghyarian, S.; Frizzo, C. P.; Martins, M. A. 
P.; Rodrigues, D. C. Evaluation of Mammalian and Bacterial Cell Activity on Titanium 
Surface Coated with Dicationic Imidazolium-Based Ionic Liquids. RSC Adv. 2016, 6 (43), 
36475–36483. 

(197)  Sridhar, S.; Wilson, T. G.; Palmer, K. L.; Valderrama, P.; Mathew, M. T.; Prasad, S.; 
Jacobs, M.; Gindri, I. M.; Rodrigues, D. C. In Vitro Investigation of the Effect of Oral 
Bacteria in the Surface Oxidation of Dental Implants. Clin. Implant Dent. Relat. Res. 
2015, Suppl 2, e562-75. 

(198)  Li, L.; Li, S.; Qu, Q.; Zuo, L.; He, Y.; Zhu, B.; Li, C. Streptococcus Sanguis Biofilm 
Architecture and Its Influence on Titanium Corrosion in Enriched Artificial Saliva. 
Materials (Basel). 2017, 10 (3). 

(199)  Roger, P.; Delettre, J.; Bouix, M.; Béal, C. Characterization of Streptococcus Salivarius 
Growth and Maintenance in Artificial Saliva. J. Appl. Microbiol. 2011, 111 (3), 631–641. 

(200)  Gibson, F. C.; Genco, C. A. The Genus Porphyromonas. The Prokaryotes 2006, 428–454. 

(201)  Periasamy, S.; Kolenbrander, P. E. Aggregatibacter Actinomycetemcomitans Builds 
Mutualistic Biofilm Communities with Fusobacterium Nucleatum and Veillonella Species 
in Saliva. Infect. Immun. 2009, 77 (9), 3542–3551. 

(202)  Parolin, C.; Giordani, B.; Ñahui Palomino, R. A.; Biagi, E.; Severgnini, M.; Consolandi, 
C.; Caredda, G.; Storelli, S.; Strohmenger, L.; Vitali, B. Design and Validation of a DNA-
Microarray for Phylogenetic Analysis of Bacterial Communities in Different Oral Samples 
and Dental Implants. Sci. Rep. 2017, 7 (1), 1–12. 

(203)  Matsuda, S.; Kato,  A. Titanium Oxide Based Catalysts - a Review. Appl. Catal. 1983, 8 
(2), 149–165. 



 

173 

(204)  Barão, V. A.; Mathew, M. T.; Assunção, W. G.; Yuan, J. C.; Wimmer, M. A.; Sukotjo, C. 
Stability of Cp-Ti and Ti-6Al-4V Alloy for Dental Implants as a Function of Saliva pH - 
an Electrochemical Study. Clin. Oral Implants Res. 2012, 23 (9), 1055–1062. 

(205)  Shibli, J. A.; Marcantonio, E.; d’Avila, S.; Guastaldi, A. C.; Marcantanio, E. Jr. Analysis 
of Failed Commercially Pure Titanium Dental Implants : A Scanning. J. Periodontol. 
2005, 76 (7), 1092–1099. 

(206)  Karambakhsh, A.; Afshar, A.; Ghahramani, S.; Malekinejad, P. Pure Commercial 
Titanium Color Anodizing and Corrosion Resistance. J. Mater. Eng. Perform. 2011, 20 
(9), 1690–1696. 

(207)  Gilbert, J. L.; Buckley, C. A.; Jacobs, J. J. In Vivo Corrosion of Modular Hip Prosthesis 
Components in Mixed and Similar Metal Combinations. The Effect of Crevice, Stress, 
Motion, and Alloy Coupling. J. Biomed. Mater. Res. 1993, 27 (12), 1533–1544. 

(208)  Fürst, M. M.; Salvi, G. E.; Lang, N. P.; Persson, G. R. Bacterial Colonization Immediately 
after Installation on Oral Titanium Implants. Clin. Oral Implants Res. 2007, 18 (4), 501–
508. 

(209)  Tesmer, M.; Wallet, S.; Koutouzis, T.; Lundgren, T. Bacterial Colonization of the Dental 
Implant Fixture-Abutment Interface: An in Vitro Study. J. Periodontol. 2009, 80 (12), 
1991–1997. 

(210)  Hultin, M.; Gustafsson, A.; Hallström, H.; Johansson, L. Å.; Ekfeldt, A.; Klinge, B. 
Microbiological Findings and Host Response in Patients with Peri-Implantitis. Clin. Oral 
Implants Res. 2002, 13 (4), 349–358. 

(211)  Kumar, P. S.; Mason, M. R.; Brooker, M. R.; O’Brien, K. Pyrosequencing Reveals Unique 
Microbial Signatures Associated with Healthy and Failing Dental Implants. J. Clin. 
Periodontol. 2012, 39 (5), 425–433. 

(212)  Mabilleau, G.; Bourdon, S.; Joly-Guillou, M. L.; Filmon, R.; Baslé, M. F.; Chappard, D. 
Influence of Fluoride, Hydrogen Peroxide and Lactic Acid on the Corrosion Resistance of 
Commercially Pure Titanium. Acta Biomater. 2006, 2 (1), 121–129. 

(213)  Koike, M.; Fujii, H. The Corrosion Resistance of Pure Titanium in Organic Acids. 
Biomaterials 2001, 22 (21), 2931–2936. 

(214)  Szmukler-Moncler, S.; Salama, H.; Reingewirtz, Y.; Dubruille, J. H. Timing of Loading 
and Effect of Micromotion on Bone-Dental Implant Interface: Review of Experimental 
Literature. J. Biomed. Mater. Res. 1998, 43 (2), 192–203. 

(215)  do Nascimento, C.; Barbosa, R. E. S.; Issa, J. P. M.; Watanabe, E.; Ito, I. Y.; Albuquerque, 
R. F. Bacterial Leakage along the Implant-Abutment Interface of Premachined or Cast 
Components. Int. J. Oral Maxillofac. Surg. 2008, 37 (2), 177–180. 

(216)  Quirynen, M.;  Van steenberghe, D. Bacterial Colonization of the Internal Part of Two-
Stage Implants. An in Vivo Study. Clin. Oral Implants Res. 1993, 4 (3), 158–161. 

(217)  Stanford, C. M.; Brand, R. A. Toward an Understanding of Implant Occlusion and Strain 
Adaptive Bone Modeling and Remodeling. J. Prosthet. Dent. 1999, 81 (5), 553–561. 



 

174 

(218)  Hermann, J. S.; Schoolfield, J. D.; Schenk, R. K.; Buser, D.; Cochran, D. L. Influence of 
the Size of the Microgap on Crestal Bone Changes around Titanium Implants. A 
Histometric Evaluation of Unloaded Non-Submerged Implants in the Canine Mandible. J. 
Periodontol. 2001, 72 (10), 1372–1383. 

(219)  Duarte, A. R. C.; Neto, J. P. S.; Souza, J. C. M.; Bonachela, W. C. Detorque Evaluation of 
Dental Abutment Screws after Immersion in a Fluoridated Artificial Saliva Solution. J. 
Prosthodont. 2013, 22 (4), 275–281. 

(220)  Mathew, M. T.; Abbey, S.; Hallab, N. J.; Hall, D. J.; Sukotjo, C.; Wimmer, M. A. 
Influence of pH on the Tribocorrosion Behavior of CpTi in the Oral Environment: 
Synergistic Interactions of Wear and Corrosion. J. Biomed. Mater. Res. - Part B Appl. 
Biomater. 2012, 100 B (6), 1662–1671. 

(221)  Allum S. R.; Tomlinson, R. A.; Joshi, R. The Impact of Loads on Standard Diameter, 
Small Diameter and Mini Implants: A Comparative Laboratory Study. Clin. Oral Implants 
Res. 2008, 19 (6), 553–559. 

(222)  ISO 14801. Dynamic Fatigue Testing for Endosseous Dental Implants. Int. Organ. Stand. 
2008. 

(223)  Rosen, P.; Clem, D.; Cochran, D.; Froum, S.; McAllister, B.; Renvert, S.; Hom-Lay, W. 
Peri-Implant Mucositis and Peri-Implantitis: A Current Understanding of Their Diagnoses 
and Clinical Implications. J. Periodontol. 2013, 84 (4), 436–443. 

(224)  Rungsiyakull, C.; Rungsiyakull, P.; Li, Q.; Li, W.; Swain, M. Effects of Occlusal 
Inclination and Loading on Mandibular Bone Remodeling: A Finite Element Study. Int. J. 
oral Maxillofac. Implant. 2011, 26 (3), 527–537. 

(225)  Hudieb, M. I.; Wakabayashi, N. K. S. Magnitude and Direction of Mechanical Stress at 
the Osseointegrated Interface of the Microthread Implant. J. Periodontol. 2011, 82 (7), 
1061–1070. 

(226)  Suito, H.; Iwawaki, Y.; Goto, T.; Tomotake, Y.; Ichikawa, T. Oral Factors Affecting 
Titanium Elution and Corrosion: An In Vitro Study Using Simulated Body Fluid. PLoS 
One 2013, 8 (6), 66052. 

(227)  Albrektsson, T.; Dahl, E.; Enbom, L.; Engevall, S.; Engquist, B.; Eriksson, A. R.; 
Feldmann, G.; Freiberg, N.; Glantz, P. O.; Kjellman, O. Osseointegrated Oral Implants. A 
Swedish Multicenter Study of 8139 Consecutively Inserted Nobelpharma Implants. J. 
Periodontal 1988, 59 (5), 287–296. 

(228)  Sridhar, S.; Abidi, Z.; Wilson, T. G. Jr.; Valderrama, P.; Wadhwani, C.; Palmer, K.; 
Rodrigues, D. In Vitro Evaluation of the Effects of Multiple Oral Factors on Dental 
Implants Surfaces. J. Oral Implantol. 2016, 42 (3), 248–257. 

(229)  Keevil, C. W.; Marsh, P. D.; Ellwood, D. C. Regulation of Glucose Metabolism in Oral 
Streptococci through Independent Pathways of Glucose-6-Phosphate and Glucose-1-
Phosphate Formation. J. Bacteriol. 1984, 157 (2), 560–567. 

(230)  Yeo, I. S.; Kim, H. Y.; Lim, K. S.; Han, J. S. Implant Surface Factors and Bacterial 
Adhesion: A Review of the Literature. Int. J. Artif. Organs 2012, 35 (10), 762–772. 



 

175 

(231)  Sridhar, S.; Wang, F.; Wilson, T.G. Jr.; Palmer, K.; Valderrama, P.; Rodrigues, D.C. 
Multifaceted roles of environmental factors toward dental implant performance: 
observations from clinical retrievals and in vitro testing. Submitt. to Dent. Mater. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

176 

BIOGRAPHICAL SKETCH 

 
Sathyanarayanan Sridhar hails from Karaikudi, an educational town in the state of Tamilnadu in 

India. He received his bachelors in technology (B.Tech.) in Bioengineering at SASTRA University 

in Thanjavur, India in 2011. He did his masters in biomedical engineering with a thesis track under 

the guidance of Dr. Danieli Rodrigues at The University of Texas at Dallas. Post-graduation in 

2014, he got the opportunity to extend his MS thesis into a doctoral dissertation under Dr. 

Rodrigues’ supervision.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

177 

CURRICULUM VITAE 

SATHYANARAYANAN SRIDHAR 
800 W. Campbell Rd, Richardson, Texas - 75080 

Mobile: 972-883-2111                                                                  Email: sxs125031@utdallas.edu   
 
SUMMARY OF QUALIFICATIONS 
 Four years of experience in designing biomechanical and surface characterization testing of 

biomaterials and implants  
 Proven competency in working in teams consisting of research scholars and clinicians, effective 

communication, and management of multiple projects 
 
EDUCATION 
MS in Bioengineering, University of Texas at Dallas, Richardson, TX                        06/2014                                                             
BS in Bioengineering, SASTRA University, Thanjavur, India                         08/2011                                           
 
RESEARCH EXPERIENCE 
Research assistant, BONE lab, University of Texas at Dallas, Richardson, TX    07/13 – Present 
 An active participant in a university/hospital/industry collaborative research environment                                
 Designed, developed mechanical testing fixture for hip, and dental implants per ISO standards 
 Performed microbiology experiments involving mono- and poly-bacterial culture experiments 

to study the effect of bacteria on dental implants 
 Designed an anaerobic testing environment for biofilm growth on the surface of dental 

implants 
 Designed a mechanical-biological testing system to investigate the synergistic impact of 

biofilm and mechanical loads on the surface of implants 
 Written journal articles with a team of authors and published in peer-reviewed journals 
 Communicated research through poster and podium presentations in international conferences  
 Mentored undergraduate and graduate students in research, writing scholarship grants, making 

research posters and presentations   
 
TEACHING EXPERIENCE 
Teaching assistant, Department of Bioengineering, University of Texas at Dallas, Richardson, 
TX 
 Physiology Lab – spring 2014 
 Biomaterials and medical devices – fall 2015                  
 Senior design – spring 2016                                            
 
SCIENTIFIC PUBLICATIONS 
1. Ramesh D, Sridhar S, Siddiqui DA, Valderama P, Rodrigues DC. Detoxification of titanium 

implant surfaces: evaluation of surface morphology and bone-forming cell compatibility. J Bio 
Tribo Corros (2017) 3: 50.  



 

178 

2. Saba JN, Siddiqui DA, Rodriguez LC, Sridhar S, Rodrigues DC. Investigation of the Corrosive 
Effects of Dental Cements on Titanium. Journal of Bio- and Tribo-Corrosion (2017) 3:2.  

3. Rodrigues DC, Sridhar S, Gindri IM, Siddiqui DA, Valderrama P, Wilson TG Jr., Chung KH, 
WadhwaniC. “Spectroscopic and microscopic investigation of the effects of bacteria on dental 
implant surfaces”. RSC Adv., 2016,6, 48283-48293. 

4. Sridhar S, Abidi Z, Wilson TG Jr, Valderrama P, Palmer K, Wadhwani C, Rodrigues DC. “In 
vitro evaluation of the effects of multiple oral factors on dental implants surfaces”. J Oral 
Implantol. 2016 Jun;42(3):248-57. 

5. Thomas A, Sridhar S, Aghyarian S, Watkins-curry P, Chan JY, Pozzi A, Rodrigues DC. 
“Corrosion behavior of zirconia in acidulated phosphate fluoride”. J Appl Oral Sci. 2016 Jan 
Feb; 24(1): 52–60. 

6. Sridhar S, Wilson TG Jr, Valderrama P, Watkins-Curry P, Chan JY, Rodrigues DC. “In Vitro 
Evaluation of Titanium Exfoliation During Simulated Surgical Insertion of Dental Implants”. J 
Oral Implantol. 2016 Feb;42(1):34-40. 

7. Sridhar S, Wilson TG Jr, Palmer KL, Valderrama P, Mathew MT, Prasad S, Jacobs M, Gindri 
IM, Rodrigues DC. “In Vitro Investigation of the Effect of Oral Bacteria in the Surface 
Oxidation of Dental Implants”. Clin Implant Dent Relat Res. 2015 Oct;17 Suppl 2:e562-75. 

8. Rodrigues DC, Valderrama P, Wilson TG Jr., Palmer K, Thomas A, Sridhar S, Adapalli A, 
Burbano M, Wadhwani C; et.al., “Titanium corrosion in the oral environment: A retrieval study” 
Materials 2013, 6, 5258-5274; doi:10.3390/ma6115258 

9. Sridhar S, Siddiqui DA, Wang F, Valderrama P, Wilson TG Jr., Rodrigues DC. Multifaceted 
roles of environmental factors toward dental implant performance. Submitted to: Dental 
Materials. 

BOOK CHAPTERS 
1. Rodrigues DC, Gindri IM, Sridhar S, Rodriguez L, Aghyarian S (2017). Biomaterials in devices 

In H.N. Hayenga and H. Aranda-Espinoza (Ed.), Biomaterial mechanics (pp 52-85). Boca 
Raton, FL. 
 

CONFERENCE PRESENTATIONS 
1. Wang F, Siddiqui D, Sridhar S, Valderrama P, Wilson Jr. TG, Palmer K, Rodrigues DC. 

Evaluation of the effect of bacteria and mechanical wear on the surface of dental implants. 
Jonsson UGRA session. April 18, 2017. Poster presentation. 

2. Sridhar S, Valderrama P,  Wilson Jr. T.G., Siddiqui D, Wang F, Wadhwani C, Rodrigues D. C. 
Comprehensive evaluation of the surface performance of titanium dental implants. International 
association of dental research (IADR). March 22-25, 2017, San Fransisco. Podium presentation.  

3. Wang F, Siddiqui D, Sridhar S, Wilson T, Rodrigues D.C. Modelling dental implant post-
surgical insertion for surface evaluation. International association of dental research (IADR). 
March 22-25, 2017, San Fransisco. Poster presentation. 



 

179 

4. Siddiqui D, Saba J, Rodriguez L, Sridhar S, Rodrigues D. C. Corrosion of titanium surfaces in 
contact with dental cements. International association of dental research (IADR). March 22-25, 
2017, San Fransisco. Podium presentation. 

5. Ramesh D, Rodrigues D.C., Wheelis S, Sridhar S, Valderrama P, Natarajan S. Detoxification 
of titanium dental implants: evaluation of surface and cell compatibility. International 
association of dental research (IADR). March 22-25, 2017, San Fransisco. Podium presentation. 

6. Wang F, Siddiqui D, Sridhar S, Valderrama P, Wilson Jr. TG, Palmer K, Rodrigues DC. 
Retrievals analysis of the effect of bacteria and mechanical wear on the surface of dental 
implants. BMEN poster competition, UT Dallas. November 18, 2016, Dallas. Poster 
presentation.  

7. Sridhar S, Valderrama P, Wilson TG Jr., Siddiqui D, Wang F, Palmer K, Rodrigues DC. The 
effect of oral microbiota on the surface of dental implants. American Society of Microbiology 
(ASM) Texas Chapter. November 10-12, 2016, Dallas. Podium presentation.   

8. Sridhar S, Siddiqui D, Wang F, Valderrama P, Wilson TG Jr., Wadhwani C, Rodrigues DC. In 
vivo corrosion mechanisms of titanium dental implants: a retrieval study. American academy 
of implant dentistry (AAID). October 26-30, 2016, New Orleans. Poster presentation. 

9. Ramesh D, Sridhar S, Wheelis S, Valderrama P, Rodrigues D.C. Detoxification of titanium 
dental implants: evaluation of surface and cell compatibility. American academy of implant 
dentistry (AAID). October 26-30, 2016, New Orleans. Podium presentation. 

10. Wheelis S, Natarajan S, Valderrama P, Wilson Jr., T.G., Sridhar S, Rodrigues D.C. Surface 
characterization of titanium healing abutents: investigation of surface properties before and 
after implantation. American academy of implant dentistry (AAID). October 26-30, 2016, New 
Orleans. Podium presentation.    

11. Wang F, Siddiqui D, Sridhar S, Wilson TG Jr., Rodrigues DC. Understanding the surface 
potential of dental implants in vitro. Clark scholar poster session. August 7, 2015, Dallas. 
Poster presentation. 

12. Hasan S, Abidi Z, Przilas T, Sridhar S, Valderrama P, Wilson TG Jr, Palmer K, Rodrigues 
DC. Development of testing methodology to investigate the synergistic effect of micromotion 
and bacterial biofilm on the surface of dental implants. UGRA poster session. April 2015, 
Dallas. Poster presentation.  

13. Sridhar S, Valderrama P, Wilson TG Jr., Hasan S, Przilas T, Rodrigues DC. In vitro evaluation 
of the effect of surgical insertion forces on the surface of dental implants. Academy of 
Osseointegration. March 12-14, 2015, San Fransisco. Podium presentation.  

14. Sridhar S, Thomas A, Adapalli A, Burbano M, Wheelis S, Palmer K, Valderrama P, Wilson TG 
Jr, Rodrigues DC. Development of methodologies to evaluate the effect of bacterial biofilm 
and micromotion on corrosion of dental implants. Texas biomaterials day. June 9, 2014, 
College station. Poster presentation.   

15. Sridhar S, Thomas A, Adapalli A, Palmer K, Valderrama P, Wilson TG Jr, Rodrigues DC. 
Development of methodologies to investigate the effect of bacterial biofilm and micro-motion 
on the corrosion of dental implants. Society for Biomaterial (SFB) conference 2014. April 16-
19, 2014. Denver. Podium presentation.  

16. Sridhar S, Thomas A, Jacobs M, Valderrama P, Wilson TG Jr., Rodrigues DC. Evaluation and 
quantification of metal wear due to fretting corrosion on the surface of dental implants. 
CORROSION 2014 conference. March 9-13, 2014. San Antonio. Podium presentation.  



 

180 

17. Sridhar S, Rodrigues DC, Valderrama P, Wilson TG Jr., Palmer K, Thomas A, Adapalli A, 
Burbano M. Microscopic changes on the surface of the dental implants. CARE fair. November 
2013, Dallas. Poster presentation. 

18. Thomas A, Sridhar S, Adapalli A, Palmer K, Valderrama P, Wilson TG, Rodrigues DC. 
Development of methodologies to evaluate the effect of bacterial biofilm and micromotion on 
corrosion of dental implants. American Association of Anatomists poster session. October 12, 
2013, Dallas. Poster presentation.   

19. Sridhar S, Rodrigues DC, Valderramam P, Wilson TG Jr., Palmer K, Thomas A, Adapalli A. 
Microscopic changes on the surface of the dental implants. American Association of 
Anatomists poster session. October 12, 2013, Dallas. Poster presentation 

 
TECHNICAL SKILLS 
 Material Testing 

system (MTS) 
 Bacterial cell 

culture 
 Optical 

microscopy  
 Scanning electron 

microscope (SEM)  
 X-ray photoelectron 

spectroscopy (XPS) 
 Solidworks   GAMRY 

potentiostat 
 Grant proposal 

writing 
 
ACADEMIC AWARDS 
 Best inter-professional 

research poster at CARE 
fair 2013 

 Travel awards: CARE fair 2013, 
NACE corrosion conference 
2014, Small PhD grant 2015 

 Scholarships: 
Teaching/ Research 
assistantships 

 
 



 
 
 

 

 




